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Abstract 
Molecular electronics holds great promise to realize the ultimate miniaturization of 
electronic devices and the investigation of charge transport properties through 
molecules tethered between pairs of electrode contacts is one of the most active areas 
of contemporary molecular electronics. To date, metallic materials have been widely 
used as the electrodes to construct molecular junctions, where desired characteristics 
are outstanding stability, conductivity, and fabricability. However, there is an increasing 
realization that new single molecule electrical junction functionality can be achieved 
through the use of non-metallic electrodes. Fundamental studies suggest that carbon 
based materials have the potential to be valuable alternative electrode materials for 
molecular electronics in the next generation of nanostructured devices.  
In light of the discussion above, we symmetrically investigate the possibility of 
constructing non-metallic molecular junctions and the corresponding charge transport 
properties through such junctions by replacing the common gold electrodes with 
graphene electrodes. We have measured the electrical conductance of a molecular 
junction based on alkanedithiol/alkanediamine chains sandwiched between a gold and 
a graphene electrode and compared the effects of anchoring groups in graphene based 
junctions. We also studied the technical effects of molecule-electrode contacts by 
comparing methods for capturing and measuring the electrical properties of single 
molecules in gold−graphene contact gaps. The decay obtained by STM based I(s) and 
CP-AFM BJ techniques, which is much lower than the one obtained for symmetric gold 
junctions, is related to the weak coupling at the molecule−graphene interface and the 
electronic structure of graphene. This asymmetric coupling induces higher conductance 
for alkanediamine chains than that in the same hybrid metal−graphene molecular 
junction using thiol anchoring groups. Moreover, we introduce an efficient data sorting 
algorithm and demonstrate its capacity on real experimental data sets. 
As a consequence, we suggest that novel 2D materials could sever as promising 
electrodes to construct nonsymmetric junctions and the use of appropriate anchoring 
groups/techniques may lead to a much lower decay constant and more conductive 
molecular junctions at longer lengths.
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1 Chapter 1: Background 
1.1 History of molecular electronics 
Motivated by practical applications, the advanced silicon technology continues to 
undergo a rapid development of miniaturizing the electronic devices over the past 
decades [1]. However, the increasing difficulties and fundamental limitations of the 
current technology cannot meet the requirements of the further downscaling, the higher 
performance and stable properties any more. The design rules for silicon-based 
integrated circuits were proposed by Gordon E. Moore in 1965 and guide the 
commercial products until about 2008 [2]. Although the commercial 7-nm 
manufacturing technology has been released by the TSMC Corp., it is impossible to 
shrink the distance between adjacent components forever due to the quantum tunnelling 
and heat problems [3]. Based on this, single organic molecules have been considered as 
a building block of electronic devices and were connected to two metal electrons by 
building a metal-molecule-metal (MMM) junction [4]. This creative idea is called 
molecular electronics and it is supposed to lead the dimensions of electronic devices to 
1 to 3 nm [5]. 
 
 
Figure 1. Schematic model of a metal-molecule-metal junction. Reproduced with permission. [4] 
Copyright 2011, John Wiley and Sons. 
 
Since then, the field of molecular electronics has attracted a great interest amongst 
researchers as it can not only realize the ultimate miniaturization of electronic devices, 
but also offers a unique way to understand the charge transport at molecular level. The 
early studies can be dated back to 1970s. Particularly, Mann and Kuhn reported the 
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conductivity measurement though organic monolayers and suggested the electron 
tunnelling though the monolayer of molecules in 1971 [6]. In 1974, Aviram and Rater 
proposed the first theoretical suggestion of applying single molecule circuit to server as 
the building block in between of two electrodes [7]. The proposed electrical 
rectification or diode have been confirmed experimentally nowadays [8-9]. At that time, 
the most important problem is the way of attaching molecules to electrodes and making 
defined electrical measurement through such molecular junctions. The first significant 
work to investigate the charge transport properties through single molecular junction is 
proposed by Mark Reed and James Tour in 1997 [10]. They studied a gold-sulfur-aryl-
sulfur-gold system using a mechanically controllable break junction with benzene-1,4-
dithiol molecules self-assembled onto gold electrodes. This study with their later works 
provide the understanding of how to perform such measurements and how electrons 
transport through the junction. Since the development of scanning tunnelling 
microscope (STM) and atomic force microscope (AFM) by IBM in Zurich, it has been 
clear that these tools are valuable in conductance measurement of single molecules. 
Then, several techniques have been developed based on STM and AFM, for example, 
the conducting probe atomic force microscopy (CP-AFM), scanning tunnelling 
microscopy break junctions (STM BJ) and STM based I(s) techniques in early 2000s 
[11-13]. The success of these measurements ignited the great interests from the research 
community and this time was considered as the true beginning of molecular electronics 
[14]. 
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1.2 Principles of the charge transport 
Understanding the theoretical background of metal-molecule-metal junctions plays 
a crucial role in designing and controlling of the molecular charge transport. For a bare 
metallic junction (metal-metal), with the thinning of the junction, a single atom wire is 
formed before the cleavage of the metallic junction and characteristic curves can be 
observed as a stepwise decrease of the conductance to zero. The conductance of the 
junction can be modelled by the Landauer expression G = 2e2/hΣTi since the size of 
metallic single-atom contracts is comparable to the Fermi wavelength [1]. Here, G is 
conductance, Ti is the transmission probabilities for conductance channels. This 
expression gives contact conductance of 1 G0 in monovalent metal single-atom contacts 
(Au, Pt, Ag and Cu) because of the fully opened transmission channel. The conductance 
quantum, G0, is equal to G0 = 2e2/h and a contact with G = nG0 is composed of n atoms. 
For a molecular junction (metal-molecule-metal), the measured conductance is 
observed in a staircase manner at the level of G < 1 G0 (e.g., the STM-BJ measurement), 
which indicates the successive forming of molecular junctions [11]. After forming the 
conductance histograms from the conductance traces, several peaks were then observed 
at G = nGSMC (n= 1, 2, 3 and so on, SMC=single molecular conductance), where n is 
the number of molecules connected in the molecular junctions.  
Before we continue to discover the charge transport properties of the junction, it is 
important to clarity some key concepts. In a bulk inorganic metal material, the first 
important concept to understand the metal-organic interface is the work function ΦB, 
defined as the energy needed to pull an electron out of the solid metal and move it in 
vacuum to an infinite distance away [15]. Another concept is the Fermi level EF(metal), 
which describes the collection of electron energy levels, it is placed at the topmost filled 
(at 0 K) or half-filled (at finite T) energy level within the metal conduction band [15]. 
In terms of the semiconductor, the Fermi level is statistically located halfway between 
the valence band and conduction band (Figure 2). The concept of Fermi energy is 
related to the Fermi level at 0 K. The work function is the energy difference between 
the EF and the vacuum level at infinity and the band gap is the energy difference 
between the bottom of the conduction band and the top of the valence band [15]. 
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Figure 2. The Fermi level of the metals and semiconductors. 
 
The position of the frontier orbital of a molecule is also an important consideration 
when it is attached to another molecule or to a metal. The shifted highest occupied 
molecular orbital (HOMO) is referred to as the donor level (DL) and the shifted lowest 
unoccupied molecular orbital (LUMO) is referred to as the affinity level (AL) [16]. 
Both HOMO and LUMO can be broadened by the Gaussian envelopes combined with 
its vibronic sublevels. The envelopes of the molecules can be broader or narrower 
depend on its properties, e.g., tetrapyrroles, fullerenes or polyacenes are much narrower 
[15, 17]. 
The alignment between the Fermi level of the electrodes and the HOMO/LUMO 
of the molecules is one of the most important properties of the molecule-electrode 
interaction [18]. When a single molecule, or an organic monolayer interacts with the 
electrodes, then two main possible levels of interaction exist: zero interaction and 
significant interaction. For zero interaction, there is no or negligible interaction and 
energy alignment between the molecule and electrodes. For significant interaction, 
there are three different regimes according to the coupling strength: the weak coupling, 
the intermediate coupling and the strong coupling. To better illustrate the coupling 
strength, the coupling parameter (Γ) and the addition energy (U) are induced which are 
defined as the broadening of the molecular energy level and the difference between the 
energy to take one electron from the HOMO and the energy obtained by injecting one 
electron to the LUMO respectively [19].  
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Figure 3. The schematic diagram of the charge transport mechanisms with different coupling strength of 
molecules and electrodes. (a) In the weak coupling, the electron transport follows a two-step process. (b) 
In the intermediate coupling, the electron transport through the molecules interacting with the electrons 
on the molecules. (c) In the strong coupling, the electron transport from the source to the drain by a one-
step process. Reproduced from Ref. 19 with permission from The Royal Society of Chemistry. 
 
For electrons transfer in the weak coupling regime (Γ ≤ U), the wavefunctions of 
the HOMO and LUMO have negligible mixing with the electronic states of electrodes. 
It follows a two-step process which the electrons firstly hop from one electrode to the 
middle molecule at an energy level preferred position and then hop to another electrode 
(Figure 3a). In the case of the intermediate coupling, the transferred electrons can be 
affected by the electrons on the molecules, for example, when there is an unpaired 
electron on the molecules, the spin state can be reversed by the electrons passing 
through and the new transport channels can open as well. In the strong coupling regime 
(Γ ≥ U), the wavefunctions of the molecules have a significant overlap with the 
electronic states of electrodes, which leads to an efficient transport of the electrons. The 
electron could transfer almost freely across the interface by a one-step coherent process 
[19]. 
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Based on the charge transport mechanism discussed above, it is possible to quantify 
the current flow though molecules by the appropriate theoretical language [20]. 
Quantum-mechanical tunnelling is a very important concept and can be the dominant 
process in vacuum or in short molecular thin films (working length shorter than 2nm). 
Tunnelling implies an energy barrier, of width d (nm), and the quantum-mechanical 
wave function. The wave function amplitude rapidly approaches to zero as the distance 
increase. It can also be considered as a wave coming from one side to another side, 
partially reflected to the original side and partially transmitted to the other side. Elastic 
(ballistic) transport happens if the electron in a materials medium does not interact with 
phonons or excitons, while inelastic transfer (scattering) occurs if the electron interacts 
with phonons or excisions [15]. Coherent transport happens if the phase of the wave is 
conserved, while for incoherent hopping electrons spend time localized in intermediate 
state. To a first approximation, the transport through short molecules connected 
between electrodes is generally by coherent tunnelling [21]. It is worth noting that 
coherent tunnelling is not effective over longer distance (> 2.5 nm). Electron transport 
is usually more complex for such longer distances, for example, by incoherent 
tunnelling or ohmic hopping conduction [22]. Such coherent tunnelling regime can be 
described by the single-channel Landauer formula:  
G = I/V = 2e2/ ћ TLTRTmol, 
where I is the current through the molecular junction, V is the applied bias, e is the 
elementary charge, ћ is the plank’s constant and TLTRTmol are transmission coefficients 
of electrons through the left contact, the right contact and the molecule, respectively. 
The quantum of the conductance is the maximum conductance per conductance channel, 
with the Go = 2e2/h = 77480.9 nS (nanoSiemens). If we treat Go as the prefactor and 
combine with the transmission coefficients of the contacts, then the Gcontact = GoTLTR. 
The transmission efficiency of the molecule, Tmol can be expressed as Tmol = exp(-βnN) 
approximately for a coherent, non-resonant tunnelling regime, where βn is the tunneling 
decay constant and the N is the length of the molecule. The decay constant βn can be 
given by βn=2
√2𝑚∗𝛼(𝜙−(𝑒𝑉/2))
ћ2
, simplified as βn = 2d0√(2𝑚𝜙)/ћ [23], where m, v, ћ 
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and a are the effective electron mass (m* = 0.16m0), the applied bias and the reduced 
Planck constant and the junction asymmetric parameter (α = 1 for symmetric coupling) 
respectively [21]. ϕ is the barrier height between the Fermi level of the electrode and 
the LUMO and HOMO levels of the molecules (ϕ = (EF-ELUMO) or (EHOMO-EF)). For 
non-resonant (tunnelling transport), the Fermi level of the electrodes is located in 
between of the HOMO and LUMO gap and the conductance is influenced by both the 
interfacial coupling strength and the energy level offset. While for the resonant transport, 
the Fermi levels of the electrodes are resonant with the molecular energy levels and the 
conductance only depends on the coupling strength during the contacts. From the above 
equations, the weak coupling at the interface results in a decrease in Tcontacts and 
therefore reduce the junction conductance. If there are physical contacts (no chemical 
bonding) and Tmol is sufficiently high, then Tcontacts will dominate the charge transport. 
It is thus important to both consider the coupling strength and energy level alignments 
at the interface when investigating the charge transport efficiency between the junctions. 
It is now possible to investigate the theoretical electrical properties of single 
molecule junction by a combination of density functional theory (DFT) and a Keldysh-
Green formalism for nonequilibrium systems. Despite the limitations of standard 
density functional theory (DFT), for example, the difficulties in accurately calculating 
the level alignment due to the HOMO-LUMO gap underestimation and the 
oversimplified model of the real molecule-electrode geometry [20], the first-principles 
theoretical methods have been developed as the important approach in combination 
with experiments to understand and study the mechanisms of the charge transport 
through the molecular junctions.  
 
 
 
 
 
 
                                                           CHAPTER 1. BACKGROUND 
Pg. | 8  
 
 
1.3 Techniques for measuring single molecule conductance 
Constructing reliable break junctions provides an effective platform for fabricating 
and measuring the electrical properties of the nanogap junction with adjustable design 
of the molecule and electrode systems. There are several techniques to form such 
junctions which can be categorized into mechanically formed junctions, in situ break 
junctions based on STM and AFM and other large scale/multi molecular arrays (e.g., 
lithography and EGaIn techniques) [24-25]. To date, the most widely used techniques 
for probing the electrical properties of single molecule junctions include the MCBJs 
[10], STM BJ, the I(s) technique [11,13] and CP-AFM [12,26] which are described in 
detail below.  
 
1.3.1 The mechanically-controllable break junctions (MCBJs) 
 
Figure 4. (a) A schematic of the MCBJs junction. (b) The measurement process of the MCBJs. (c) An 
illustration of a benezene-1,4-dithiolate SAM formed on gold electrodes and the configuration of the 
molecular junction. Reproduced with permission. [10] Copyright 1997, AAAS. 
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The MCBJs method was firstly demonstrated by Reed et al. in 1997 as shown in 
Figure 4 [10]. Benzene-1,4-dithiol molecules were coated onto the gold electrode with 
a self-assembled monolayer (SAM), the gold-sulfur-aryl-sulfur-gold system was then 
formed, allowing for the investigation of the electrical properties within the junction. 
In the experiment, a gold wire was fractured by bending in the molecular solution, then 
an adjustable tunnelling gap can be formed with a SAM in place. After the evaporation 
of solvent, the gold contacts were brought together until the onset of a current flow. The 
measurement can be achieved when a small number or ideally one molecule bridges the 
gap, then the current can be recorded with the bias voltage applied. As the cleavage of 
wire is controlled mechanically, the contact size can be adjusted continuously. 
Lithography technique is another useful way to generate MCBJs which proposed by 
Kergueris et al. in 1999 [27]. The 2,2’:5’2’’-terthiophene-5,5’’-dithiol molecular bridge 
was formed in between of the gold electrode pairs in their study.  
The advantage of the MCBJs technique lies on the high resolution and controllable 
forces to the junction. However, MCBJs is a dynamic break junction process, which 
may potentially cause issues in the stability of molecular junctions. In addition, the 
definitive proof of how many molecules included, the exact shape and the configuration 
of junctions are hardly known, although the theoretical modelling may help here.  
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1.3.2 The scanning tunnelling microscopy break junctions (STM BJ) technique 
 
Figure 5. The procedure of forming STM break junctions with the conductance traces shown. (a) The 
gold tip is pulled away from the substrate and conductance of a contact between two gold electrodes 
revealed quantum steps near multiples of the conductance quantum (1G0, 2G0, 3G0 and so on). (b) After 
the breakage of metallic contact in (a), a new series of conductance steps appear owing to the formation 
of the stable molecular junction between two electrodes. (c) No such steps or peaks in (b) were observed 
without the formation of molecular junctions. Reproduced with permission. [11] Copyright 2003, AAAS. 
 
Since the development of the STM in 1980s by the IBM Corp. in Zurich, it has 
been considered as the useful tools to construct MMM junctions and measure the 
conductance of tens to single molecules. The STM-BJ method was introduced by Xu et 
al. in 2003 as shown in Figure 5 [11]. In this method, more than thousands of metal-
molecule-metal junctions are formed repeatedly and quickly by moving the STM tip 
into and out of contact with the metal substrate, with a low-coverage monolayer coated 
on it. The molecular target can either be pre-adsorbed onto the metal substrate or be 
dissolved in a solution (e.g., the mesitylene or toluene). During the process, single or a 
collection of molecules can bridge the gap between the tip and substrate, meanwhile, 
the current signals as a function of the tip moving distance are recorded simultaneously 
at a preset bias. Because of the inevitable fluctuations in the experimental data, a robust 
statistical analysis of the conductance data such as through the recording of histograms 
is generally required to provide the evidence of the successful formation of molecular 
junctions [4]. 
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1.3.3 The scanning tunnelling microscopy I(s) technique 
 
 
Figure 6. Schematic diagram of the I(s) method. Molecules with dithiol anchoring group were linked 
between two electrodes during the STM tip was brought close to the Au substrate. The conductance and 
distance curves recorded during this procedure showed two kinds of typical curves. Curve 1 is the 
baseline for a bare Au substrate without any molecular bridge formed while curve 2 indicates the I(s) 
curve recorded corresponding to the procedures of B, C and D. Reproduced from Ref. 28 with permission 
from The Royal Society of Chemistry. 
 
The I(s) technique is another method based on the STM which introduced by Haiss 
et al. in 2003. Since the molecular junctions can be formed without the need of making 
direct metallic contact between the STM tip and the substrate [13]. This technique is 
also referred as the “non-contact” implementation of the BJ method [28]. By adjusting 
the set-point conditions, the STM tip is brought close to the Au substrate but avoiding 
the physical contact (as shown in Figure 6-A, B). Then, the gold tip is retracted to its 
original position at a pre-set moving speed until the molecular junction is cleaved (as 
shown in Figure 6-C, D) while collecting the current-distance (I(s)) traces (I = current, 
s = relative tip-sample distance). Two typical sets of I(s) curves are normally observed, 
one is a fast exponential decay of direct tunnelling between the tip and a metal substrate 
(marked as 1 in Figure 6), another one is a characteristic current plateau related to 
conduction through molecular junction (marked as 2 in Figure 6). Many of these I(s) 
curves are then analysed statistically to produce a conductance histogram. Since there 
is no contact between the STM tip and the substrate, the STM tip does not damage the 
substrate and vice versa.  
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It is also worth to mention the STM “Touch-to-Contact” method described by 
Martin et al., in which the STM tip is positioned just in contact with the top of the 
molecular monolayer film. The gesture of the STM tip is at the middle stage of the 
STM-BJ and the I(s) technique by controlling the STM set-point parameter to an 
absolute tip-substrate separation [29]. The STM “Touch-to-Contact” avoids both 
incursion of the tip into the molecular monolayer film or a gap between the top of the 
monolayer and the STM tip. 
 
1.3.4 The conducting-probe atomic force microscope (CP-AFM) technique 
 
 
Figure 7. (a) The experimental illustration of the CP-AFM technique. Sulfur atoms (red dots) of 
octanedithiol molecules were bonded to gold atoms (yellow dots) of the gold tip and substrate. (b) I(V) 
curves measured by the apparatus shown in (a). The five curves are representative of distinct family, 
NI(V), that are integer multiples of fundamental curves, I(V) (N= 1,2,3,4 and 5). Reproduced with 
permission. [12] Copyright 2001, AAAS. 
 
Atomic force microscopy (AFM) is another very useful tool to probe the structural 
characterization of the sample and construct the AFM tip-molecule-bottom sample 
junctions. Cui et al. reported a reliable conducting-probe atomic force microscope (CP-
AFM) method to measure the current-voltage I(V) characteristics of this MMM 
junctions in 2001 as shown in Figure 7 [12]. A metal-coated AFM tip, acts as the top 
electrode, is brought into contact with the bottom gold electrode with the surface 
covered by a low concentration of the dithiol SAM. The AFM feedback loop was used 
to control the forces loaded onto the surface, while current−voltage (I−V) relationship 
of the molecular layer sandwiched between the tip and surface is recorded. Normally, 
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such junctions may contain tens or hundreds of molecules ascribed to the relatively 
large area of the tip geometry, the contacting force and the deformation properties of 
the SAMs. By introducing the gold nanoparticles, CP-AFM may also be used to 
investigate the electrical properties of the single molecule junctions. In the method 
developed by Cui and Lindsay [30-31], the gold nanoparticles are adsorbed on-top of 
SAMs of monothiols, which electrically wire the nanoparticle to the surface. Touching 
the top of such gold nanoparticles with the CP-AFM tip then enables I−V characteristics 
of the molecular junction to be recorded.  
All of these techniques rely on the capability of capturing single or small groups of 
molecules while recording the electrical signals. Despite the similar basis of forming 
molecular junctions, measurements with the STM BJ technique tend to form “rougher” 
contacts because of the gold contact breaking, while the I(s) technique can be applied 
to flat surface areas if desired. In this respect, these techniques can be seen as 
complementary, and the application of both to the same molecular system could be 
expected to broaden the view of the molecular junction properties and the spread of 
favoured junction conductance values. CP-AFM, on the other hand, conveys the 
advantage of being able to record the force and current signals simultaneously offering 
the possibility to correlate electrical and mechanical properties of junctions [32-33]. 
However, a potential disadvantage can arise with the use of AFM tips with higher radii 
of curvature, where there could be ambiguity about forming truly single-molecule 
junctions when CP-AFM is used to form break junctions. In any case, measurements of 
molecular conductance with several different techniques should be seen as 
advantageous [33]. 
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1.4 The analysis of the charge transport data 
1.4.1 Typical I-V and I-s curves 
 
Figure 8. (a) Typical I-V curves and (b) I-s Curves. Reproduced with permission. [12] Copyright 2001, 
AAAS. 
 
For all the techniques used to explore the electrical properties, it generally produces 
large variability in any given conductance determination due to the factors influencing 
the stability of the junction, for example, the surface binding geometry between the 
molecule and contact, the stochastic nature of the junction formation/breaking process, 
the external environment and the noise [34]. It is then necessary to repeatedly record 
many traces and then statistically represent this data recorded for the making and 
breaking of many molecular junctions.  
Two typical electrical signals are collected during the measuring process, they are 
I-V (I=current, V=tip bias) curves and I-s (I=current, s=distance) curves. I-V curves are 
commonly used in the CP-AFM study, the conductance information is obtained from 
the slope of the current and bias relationship. There are five distinct I-V curves are 
observed in Figure 8a, corresponding to multiples of a fundamental curve. Figure 8b 
shows the I-s curves collected in the STM based I(s) experiments, such curves can be 
further categorised into pure decay (black), ideal plateau-featuring curves (blue), 
plateaus with noise spikes (green) and highly noisy curves (red). The preferred traces, 
taken as characteristic of stable molecular junction formation, are those featuring with 
the plateaus (blue), which signify defined formation of molecular junctions followed 
by their breaking.  
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1.4.2 Data analysis methods 
In the simplest case, electrical data can be used to plot the 1D conductance 
histograms to represent the most probable conductance value of the junction. Such a 
statistical analysis has been underpinning for achieving reliable electrical data for single 
molecule junctions. There are then two broad approaches which can be applied to 
perform the data analysis, each of them has its advantages and disadvantages. The first 
approach is to simply use all the raw data without any treatment and the advantage here 
is that there is no preselection of the data. However, such analysis may include a lot of 
traces where no or poorly formed junctions are present. It can also be problematic to 
generate the conductance histograms if the junction formation possibilities (JFPs) are 
low. As an alternative to using a non-selective approach, the second approach is to try 
to select out traces where there is clear evidence for stable molecular junction formation 
[35]. The advantage for such approach lies on the removing of irrelevant traces to the 
junction formation and the molecular data is retained. The disadvantage is possible to 
the conscious or unconscious bias introduced during the data selection. 
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Figure 9. (a) The representative conductance traces of Au-1,6-hexanedithiol-Au junctions, the arrow 
indicates conductance traces which show only tunneling current without the formation of the molecular 
junctions, the rest are traces featuring steps in conductance. (b) The corresponding conductance 
histogram of the trances by the last step analysis. Reproduced with permission. [36] Copyright 2006, 
American Chemical Society. 
 
Early work used hand-selected data with rational selection criteria to reduce any 
bias introduced during the process. Jang et al. introduced a last-step analysis (LSA), 
motivated by the fact that the last conductance drop is only related to the breakage of 
the last molecular bridge. In this method, only traces featuring a rapid conductance drop 
in the last step are treated as the valuable data and used to construct the conductance 
histograms [36]. Gonzalez et al. presented an alternative method using all the 
conductance traces without the background traces (arrow trace in Figure 9a) to construct 
the conductance histograms. They extract the background traces which fail to show any 
information of the junction formation and use all the rest of the traces irrespective of 
their shape [37].  
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Figure 10. Single trace histograms of the plateau featured curve (a) and the pure decay curve. The inset 
table is the data sorting parameters to separate the plateau featured curves. Reproduced with permission 
from ref. 38. Copyright 2015, American Chemical Society. 
Direct link: https://pubs.acs.org/doi/abs/10.1021/jacs.5b05693. 
 
More recently, the automatic data sorting algorithms have been developed to 
analyse the conductance traces in single molecule junctions. The Albrecht group 
introduced two algorithms based on MATLAB programs to separate the plateau 
featured traces from the dataset [38-39]. In the first case for each exported current-
distance trace the current signal is divided into many bins with a selected bin width 
(BW). Each bin will have a value for the number of plateaus-determining bin counts 
(PDBC). The combination of the BW and PDBC defines the sensitivity of the selection 
process and indicates the traces containing (1) or not containing (0) a plateau as shown 
in Figure 10. Bins containing plateaus will exhibit a higher bin count, while the bin 
counts for a clean exponential curve are much lower. With a sorting algorithm which 
recognizes plateau-containing traces based on the bin counts, the traces containing 
plateau (molecular) features can be separated from both exponential traces and those 
primarily related to experimental noise [38]. Algorithms have been also applied here to 
remove noisy traces and traces exhibiting unusual current-distance decay characteristics. 
This method has been successfully used for the analysis of very large number of traces 
(up to 100 000) of octanedithiol molecular junctions with gold electrodes. 
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Figure 11. (a) Typical I(s) curves featuring a with plateau, without plateau and non-linear plateau with 
low and high amplitude. (b) The representation of the vector transformation of the curves in (a). (c) The 
representation of the vector-based traces in cylindrical coordinates. The red, blue and green clusters 
indicate the different conductance groups separated by the vector-based classification method. 
Reproduced with permission. [39], Open Access, Copyright 2016, Springer Nature. 
 
The second algorithm is a vector-based classification process that is used to identify 
and extract the conductance traces into different groups or clusters [39]. This method is 
inspired by the widespread applications of vector-based classification method in 
genetics, robotics and neuroscience [40-41]. The vector characteristic of the 
experimental I(s) traces (Xm, m is the number of data sets) are compared to a standard 
pure exponential decay reference trace (R). Each trace is defined in terms of three 
parameters, namely, the Euclidean distance |ΔXm|, the angle θm, and the reduced 
Hamming distance hr,m (see the detailed algorithm in Ref. 39). These parameter are then 
used to represent the data in a three-dimensional plot (ΔXm, θm, hr,m) in cylindrical 
coordinates. The data is then clustered into a chosen number of groups, with clusters 
possessing common features between traces, for example shape or plateau height.  
The unsupervised classification of single molecule charge transport data is suited 
for very large data sets and does not make a priori assumptions with respect to features 
of the current-distance traces, such as their shape or magnitude of any plateau features. 
A particularly attractive feature of this method is the ability to recognize sub-
populations in the data and garner statistical information for their occurrence. 
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1.5 The previous studied metal/molecule/metal systems 
Metal-molecule-metal (MMM) junctions are formed by trapping typically organic 
or organo-metallic compounds between of two electrodes, thereby providing a platform 
for studying the electrical properties of molecules. Selected previous studies of MMM 
junctions for a variety of molecular compounds and electrodes are shown as table 1. 
 
Table 1. Previous studied metal/molecule/metal systems. 
Molecules 
Anchoring 
group 
Substrate Tip Method Reference 
Benzene-1,4-dithiol -SH Gold Gold MCBJs Reed et al., 1997 [14] 
4,4-bipyridine -NC5H4 Gold Gold MCBJs Quek, 2009 [42] 
N-alkanedithiols 
4,4-bipyridine 
-SH 
-NC5H4 
Gold Gold STM-BJs Xu and Tao, 2003 [11] 
Oligo(phenylene 
ethynylene) 
-SAr Gold Gold STM-BJs Xiao et al., 2005 [43] 
Dicarboxylic-acid 
butane 
Octanedithiol 
Diamine butane 
-COOH 
-SH 
-NH2 
Gold Gold STM-BJs Chen et al., 2006 [44] 
1,4-diaminobeneze -NH2 Gold Gold STM-BJs Quinn, 2007 [45] 
Dimethyl phosphine, 
methyl sulfides 
terminated alkanes 
-PMe2 
-SMe 
Gold Gold STM-BJs Park, 2007 [47] 
α,ω-bis(acetylthio) 
terthiophene 
α,ω-bis(acetylseleno) 
terthiophene 
-TS 
-TSe 
Gold Gold STM-BJs Yasuda et al., 2006 [47] 
6-[1′-(6-mercapto- 
hexyl)-[4,4′] 
bipyridinium]-hexane-
1-thiol iodide 
-SH Gold Gold I(s) Haiss et al., 2003 [13] 
Thiol-terminated ether -SH Gold Gold I(s) Scullion et al., 2011[34] 
1,8-octanedithiol -SH Gold Gold CP-AFM Cui, 2001 [12] 
N-alkanedithiols -SH Gold Gold CP-AFM Morita, 2007 [30] 
1,4-benzenediamine -NH2 Platinum Platinum STM-BJs Kiguchi, 2008 [48] 
Carboxylic acid -COOH 
Silver/ 
Copper 
Silver/ 
Copper 
STM-BJs Peng et al., 2012 [49] 
3-(pyridine-4-yl) 
propionic acid 
Pophyrin 
-COOH 
-NC5H4 
ITO Gold STM-BJs Battacharyya, 2011 [50] 
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From the table above, STM-BJs and its analogous I(s) technique, are the most 
widely used techniques to investigate the conductance of single molecular junctions. 
CP-AFM and MCBJs techniques are also very powerful platform for such study with 
the specific advantages of the controllable forces loaded on the surface and the precisely 
mechanical driven. Gold has been extensively used to construct molecular junctions, 
while other metallic materials such as Ag, Cu and Pt were also reported. For anchoring 
groups of the molecules, thiol (-SH), amine (-NH2) and carboxylic acid (-COOH) are 
the most commonly studied head groups, other functional groups have also been 
selected as the binding component, such as, isocyanide (-NC), dimethyl phosphines 
(PMe2), methyl sulfides (SMe) and so on [48]. 
So far, gold-alkanedithiol/diamine-gold molecular junctions are very well studied 
due to the solid chemical bonding between the dithiol/diamine anchoring groups and 
the gold electrodes. The contact resistance to gold of them varies in the order of amine 
(−NH2) > thiolate (−SH), attributed to different electronic coupling efficiencies between 
the molecule and electrodes. Also, the bonding patterns of them are different: thiolate 
forms a strong covalent bond with gold (Au-S), while the binding for gold and amine-
terminated alkane is significantly weaker (Au-NH2) since the bonding regime between 
the Au and NH2 is a simple delocalization of the lone pair of electrons from the nitrogen 
to gold atoms and the bond is relatively insensitive to the local structure. [51]. More 
recently, studies from the Venkataraman group strongly suggested that the gold-sulfur 
bond in SAMs prepared from the solution deposition of dithiol is not predominate by 
the chemisorbed character and the hydrogen is retained. The chemisorbed bonds are 
consistently formed in the solution environment (liquid cell) in STM-BJ measurement. 
Such findings open the new mind of understanding the interaction between molecules 
and electrodes [143]. 
Many literature studies have been performed to measure the single-molecule 
conductance and investigate the decay constant of gold−alkanedithiol−gold systems. 
For example, Marita and Lindsay measured the conductance of 1,n-alkanedithiol (n = 
8, 10, 12) compounds using CP-AFM, with conductance values of 16.1 ± 1, 1.37 ± 0.35, 
and 0.35 ± 0.04 nS found, respectively [30]. Based on STM-BJ measurements, Li et al. 
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and Tao et al. have reported conductance values for 1,n-alkanedithiols of 19.4 (n = 8) 
and 1.6 nS (n = 10) [11, 52]. They also found the resistance of the N-alkanedithiol 
increases exponentially with the chain length with a decay constant (βn) of 1.0 ± 0.05. 
Haiss et al. obtained a value of 1 nS by the analogous STM technique for gold-
octanedithiol-gold junctions [53]. It is clear that apparent discrepancies between 
conductance values have been reported between different laboratories even using the 
similar techniques. This was later rationalized as arising from different ways in which 
these alkanedithiols can bind to the gold contacts through the thiol end groups, with the 
differing techniques favouring different anchoring configurations [28,52,54,55]. 
Gold-alkanediamine-gold systems are also well studied until now. Chen et al. 
measured the conductance of N-alkanes terminated with diamine anchoring groups as 
a function of the chain length by the STM-BJ technique [44]. Following the similar 
procedure as the alkanedithiol experiment, the conductance values of n-alkanediamine 
molecules are 42 (n=2), 7.3 (n=4) and 1.2 nS (n=6). It is also observed that the 
conductance decreases exponentially with the number of methylene units. Such charge 
transport behaviour is now well predicted by the superexchange mechanism 
(nonresonant tunneling regime) that G = An exp(-βnN), where G is the conductance, A 
is related to the nature of molecule−electrode interaction, reflecting the contact 
resistance, βn is the decay constant, which describes the efficiency of electron transport 
through the molecules, and N is the number of methylene groups. The decay constant 
(βn = 0.81) is then obtained from the logarithmic plot of the measured conductance 
values and the chain length. 
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1.6 Molecular design concept 
 
Figure 12. Schematic diagram of a single molecule junction with electrode, anchor and bridge 
components. Reproduced with permission. [56] Open Access, Copyright 2016, Springer Nature. 
 
To further investigate the electrical properties within a molecular junction, it is 
helpful to approximately divide the junction into three parts: the intrinsic properties of 
the electrodes, the intrinsic properties of molecules (the bridge and anchor), and the 
molecule-electrode interaction as shown in Figure 12 [56]. Each of these parts can be 
considered as the key concept to understand the electrical properties of the junction and 
the molecular junction design. 
 
1.6.1 Anchor groups 
 
Figure 13. Molecular structures of common anchors. Dative anchors can be classified as π donating or 
lone pair donating. Covalent anchors commonly used to generate direct Au–S and Au–C contacts. 
Reproduced with permission. [56] Open Access, Copyright 2016, Springer Nature. 
 
The anchor (linker or contact) groups serves as the connective point between the 
molecular wire and electrodes in molecular junctions. As shown in Figure 13, such 
anchoring groups can be divided into dative anchors (donor-acceptor interaction) or 
covalent anchors (in situ covalent contact). For the dative anchors, electrons donated 
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from the molecules to the gold atoms through π donors or lone pair donors, for example, 
fullerenes and some other π-conjugated hydrocarbon are common π donor molecules 
[57-62], while the amines are commonly lone pair donor (σ-donor) ligands with 
relatively narrow contact geometry to the gold. In such interaction, the gold electrode 
is considered as the Lewis acid to accept the lone pairs from the molecules. For the 
covalent anchors, the resulted covalent bonding is physically robust and stable which 
is formed between the molecular radicals and the electrode. The most widely studied 
covalent bonding is the Au-S linkage, it is ascribed to the strong chemical bonding 
between the thiol terminated molecules and the gold electrode. However, thiols can be 
also problematic in the air condition since its oxidization to disulfides and further 
polymerized to insoluble polydisulfides when used as molecular wires. Thus, thiol-
based junctions have shown variability in the measured conductance values due to the 
different molecule-electrode geometry. 
 
1.6.2 Backbones or bridges 
The backbone of molecules is the main channel for the charge flows, it holds great 
potential to tune and manipulate the electrical or functional properties of the molecular 
junction. One of the most important parameter to describe the backbone properties is 
the decay constant value (β) which indicates the behaviour of charge transport decays 
with the increase of the oligomer length. For short molecular junctions, the general 
conductance behavior is now well described as nonresonant tunneling (see the 
conductance formula in section 1.5). This regime predicts an exponential decrease of 
the conductance with the molecular length, while a weaker length dependence for 
longer molecular lengths is generally attributed to hopping-type mechanisms [63].  
Due to the absence of strong conjugated bonds to carry electrons, molecules 
structured with alkane backbones ([CH2]n) have shown high decay constant value in 
molecular junction (e.g., β = 0.84 Å−1 for alkanedithiol). While, backbones with 
strongly conjugated properties (([benzene]n), π-conjugated) have shown more 
capability in charge transportation, which thus has a relatively low conductance decay 
value (e.g., β = 0.43 Å−1 for diaminobenzene). For conjugated backbones but non-
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aromatic systems ([C2H2]n), a lower decay constant value has been observed than these 
purely aromatic structures (e.g., β = 0.22 Å−1 for alkene). For permethyloligosilanes 
([SiMe2]n) molecules with structural similarity to alkane backbones, it has a comparable 
decay value to conjugated systems (0.39 Å−1) which is ascribed to the effective charge 
transport properties of Si-Si σ bonds.  
 With the basis of the molecular design from the aspects of anchor groups and 
backbones, it is possible to manipulate the properties of molecular wires and realize the 
structure of functional molecular junctions. By inserting a methylene (CH2) group 
between the thiol atom and the phenyl rings, the electrode and molecule interaction is 
disrupted. Such reduction of the junction conductance can reach to three orders of 
magnitude compared to the originally conjugated structure which makes it valuable to 
produce potential molecular switches. Single molecule rectifier can be also made by 
creating a molecular structure with a weak bonding at one side and a strong coupling at 
the another side. A -SPh group is used to replace the one of the two SH groups to create 
the misalignment of the junction symmetry. The charge flows are much more favoured 
to transport through S-Au (strong) side to the SPhR-Au (week) side. More detailed 
examples of molecular devices will be discussed further below. 
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1.6.3 Molecular devices 
 
Figure 14. Schematic of a single molecule junction controlled by lights. Reproduced with permission. 
[1] Open Access, Copyright 2012, MDPI. 
 
Binary switching in molecular junctions allows the current flows transferred or 
interrupted from one electrode to another one, it can be achieved by stochastically 
forming and breaking the molecular junctions or controlling the molecular 
conformations and metal-molecule contact configurations [64-65]. Molecular 
conformations can be controlled by electric field, mechanical forces and illumination. 
For example, photochromic switches are created by transforming the molecular 
conformation from non-conjugated open form to the conjugated closed form [66]. 1,2-
diarylethene is a photochromic molecule and possesses a reversible ring opening and 
closing behaviour upon irradiating with visible and UV light (Figure 14). 
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Figure 15. An illustration of the dipyrimidinyl-diphenyldithiol single molecule junction with a donor-
acceptor molecular structure. The suppression of electron flow from the left to the right was observed. 
Reproduced with permission. [1] Open Access, Copyright 2012, MDPI. 
 
A diode can facilitate current flow in one (forward) bias direction while suppressing 
the other (reverse) bias direction. The configuration of single-molecule diodes is similar 
to the p-n junction that consists of donor (D) and acceptor (A) moieties connected via 
a σ bond (as seen in Figure 15). The first single-molecule diode was made using a 
MCBJs technique [67]. A phenyl group was functionalized with four fluorine atoms to 
form the donor-acceptor structure, as a result, a behaviour of rectification was observed. 
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Figure 16. A schematic illustration of the single-molecule FET. Reproduced with permission. [1] Open 
Access, Copyright 2012, MDPI. 
 
Single molecule junctions possess the possibility to downscale the field–effect 
transistor to the sub-10 nm scale, offering a potential solution for the size limitation of 
current metal-oxide-semiconductor field effect transistors (MOSFETs). The challenge 
to build a single molecule FETs is the placement of a gate electrode very close to the 
molecule since the distance in between requires a nanometer scale to get the strong 
coupling. Single-molecule FETs were first demonstrated by Song et al. [68]. In their 
study, benzenedithiol molecules were linked between source and drain metallic 
nanogap electrodes, and an Al2O3/Al electrode was used as a back gate to investigate 
the current flowing through the molecule. 
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1.6.4 Electrodes 
 To date, metallic gold is the most widely used electrode in molecular junctions 
owing to its good stability, high conductivity, good fabricability and the absence of 
surface oxides in air. Moreover, gold could form strong covalent bond with some 
particular anchoring groups (e.g., the Au-S bond). However, the non-compatibility with 
current complementary metal-oxide semiconductor (CMOS) technology, the mobility 
of surface atoms, non-transparency in optical devices and the expensive price limit the 
further applications of gold electrodes [50]. 
There is an increasing realization that new single-molecule electrical junction 
functionality can be achieved through the use of non-gold metals (Pt, Ag and Cu), non-
metals (Indium-tin oxide) [48-50] and even novel two-dimensional (2D) materials 
(graphene, carbon nanotubes, h-BN, MoS2, MoSe2, WS2 and WSe2). Kim et al. have 
formed graphite−molecules−Au molecular junctions by the use of the STM-BJ 
technique and measured the conductance of amine-terminated oligophenyl compounds 
[69]. Ullmann et al. presented a reliable fabrication of graphene molecular junctions 
with C60 endcapped molecular wires [70]. Dappe et al. combined carbon tips with 
graphene as a counter electrode to construct all-carbon molecular junctions [71]. Cao 
et al. have used graphene electrodes to create “robust and identical molecular transport 
junctions” using a lithographic method [72]. To further prove the effectiveness of their 
junctions, they capped molecules with amino groups to construct graphene− 
molecule−graphene symmetric junctions, which showed excellent reproducibility and 
stability. These fundamental studies suggest that carbon based materials have the 
potential to be valuable alternative electrode materials for molecular electronics in the 
next generation of nanostructured devices. 
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Figure 17. The structure of graphene with honeycomb lattice. Reproduced from Ref. 78 with 
permission from The Royal Society of Chemistry. 
 
Graphene is a flat monolayer of carbon atoms arranged in a 2D honeycomb lattice 
structure, since its experimental discovery in 2004, it has already been foreseen as an 
important future technology and applications of this material are gaining momentum 
[73-74]. Because of its zero-bandgap, flat and super thin structure, graphene has 
exhibited remarkable electronic, thermal, mechanical and optical properties [75]. The 
high mobility of charge carriers and excellent thermal conductivity make graphene a 
very promising electrode. With its high optical transmittance (97.7%), graphene can be 
applied in optical devices, overcoming the drawback of metallic electrodes. Graphene 
also has outstanding stability during the fabrication because of its high Young’s modules 
(~1.1 TPa) [76], fracture strength (125 GPa) [76], specific surface area (2630 m2g-1) 
[77] and chemical stability. There are many important applications in different fields of 
the graphene material such as ultra-strong lightweight components used in space 
shuttles, transparent electrodes in solar cells and photoelectric devices [77-78]. 
Fabricating carbon-based electrode such as graphene into molecular junctions can take 
the advantage of its remarkable properties, giving it possibilities to furnish high quality, 
robust and reliable molecular electronics [79-81]. 
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1.7 Aim of the study and further challenges 
One of the most important purposes of this study is the possibility of constructing 
non-metallic molecular junctions and the investigation of the corresponding charge 
transport properties through such junctions. As a first step toward realizing the potential 
of using carbon based materials as electrodes, we demonstrate the use of graphene as a 
bottom electrode in place of the more commonly used gold. The well-studied systems 
of thiol-terminated 1,n-alkane molecular bridges were selected as a test-bed to 
investigate the possibility to use graphene electrodes to form single molecule junctions. 
With the successful formation of graphene based junctions, we change the molecular 
wire from alkanedithiol to alkanediamine to compare the effects of anchoring groups in 
such junctions. We also studied the technical effects of molecule-electrode contacts by 
comparing methods (STM-BJ, STM I(s) and CP-AFM BJ) for capturing and measuring 
the electrical properties of single molecules in gold−graphene contact gaps. In order to 
reduce the conscious or unconscious bias during the selection of the conductance data, 
we introduce an efficient data sorting algorithm and demonstrate its capacity on real 
experimental data sets. 
Based on the discussion above, the biggest challenge in molecular electronics is the 
reducing of device variabilities while retaining the molecular functionalities themselves 
[82]. Statistical analysis may reduce the data fluctuations but it cannot solve all the 
reproducible problems. Another challenge is the intrinsic misalignment between the 
metal states of electrodes and discrete molecular energy levels. Other challenges 
include the problems of power dissipation, integration capability, CMOS-compatibility, 
efficiency and the cost when molecular components are used in current computing 
systems. In addition, the current solid-state technology cannot meet the requirement for 
molecular design with a high degree of control. Fortunately, with the development of 
carbon-based 2D materials, the use of such materials as the electrode might reduce the 
electronic mismatch at molecule/electrode interfaces and this could create more robust 
and reproducible systems for future nanoelectronics.  
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2 Chapter 2: Experimental section 
2.1 Chemicals and sample preparation  
Graphene substrates (1 cm × 1 cm) were purchased from The Graphene 
Supermarket and consist of a few layer graphene layers on top of a nickel substrate. 
Raman spectroscopy (HORIBA Scientific) and STM (Bruker, EC-STM) were used to 
check the quality of each substrate. The gold substrate (1 cm × 1 cm) was annealed 
under a butane flame to generate an Au (111)-microstructured surface before its use in 
the experiments. In general, the substrate was placed into the butane flame by a tweezer 
until the dark red glowing was observed, keep flaming for another 10 seconds and then 
remove the gold substrate from the butane flame. Finally, the gold substrate was cooled 
down on a flat base for 30 seconds. This annealing process was repeated for three to 
four times to generate the Au (111) terraces. Take care not to overheat the sample since 
the gold was coated on the glass substrate.  
 
 
Figure 18. (a) The structure of graphene with honeycomb lattice. (b) The height analysis of the single 
layer graphene 
 
Figure 18a is the STM spectrum (1 µm × 1 µm) of the graphene substrate, it is clear 
to see multilayers of the graphene from the spectrum. By further scaling the scanning 
region to about 100 nm, significant steps are observed with the height analysis to be 0.3 
nm for a single layer graphene (Figure 18b). It is also worth to note that the geographical 
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situation of each sample point may be varied due to the chemical vapour deposition 
(CVD) conditions. It is thus necessary to locate many points on the surface to find the 
suitable junction forming positions. 
1,n-alkanedithiols (n = 4, 6, 8, 10) and 1,n-alkanediamines (n=2, 4, 6, 8, 10) were 
purchased from Alfa Aesar and TCI chemicals respectively and used as received. 1,12-
dodecanedithiol was synthesized in our lab and then characterized by nuclear magnetic 
resonance (see the detailed synthesis route and spectra below). Distilled water used in 
this experiment was supplied by an in-house purification system. Molecular adsorption 
to graphene substrate was generally achieved by immersing the qualified graphene 
substrate into molecular solutions (alkanedithiols−methanol, 1:20, v/v) for 90 s.  
 
Synthesis of 1,12-dodecandithiol 
 
Figure 19. Synthesis route of 1, 12-dodecanedithiol. 
 
Compound 1 (C1) 
1,12-dodecanedithiol was prepared from the staring material of 1,12-dodecanediol. 
We firstly dissolve the alcohol (15mmol, 2.82g), 4-methylbenzenesulfonyl chloride 
(52.5mmol, 10g), and trimethylamine (52.5mmol, 7.32ml) in 100 ml dry acetonitrile 
(CH3CN) for 2.5 hours at 0℃ and then diluted with 100 ml distilled water. The mixture 
was then extracted with 50 ml dichloromethane (DCM) three times. The organic layer 
was then washed with 100 ml saturated NH4Cl, 100 ml brine and dried with MgSO4. A 
column was used to purify the compound 1 (3.32 g). 
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Compound 2 (C2) 
 The compound 1 was dissolved in 20 ml dry dimethyl formamide (DMF) with 
2.28g potassium thioacetate (KSAc) added. The colour changed to brown at this point. 
The reaction was keep stirring at 75℃ overnight and then remove the DMF under the 
conditions of 15 mbar and 55℃. The mixture was then diluted with 100 ml DI water 
and extracted with 100 ml ethyl acetate three times. The separated organic layer was 
then washed and dried with 100 ml brine and MgSO4. A column was also set to purify 
the compound 2 (0.5 g).  
 
1,12-dodecanedithiol 
 Compound 2 was dissolved in 50 ml degassed, dry methanol (MeOH) under argon 
atmosphere followed by the addition of sodium methoxide (NaOMe, 15mmol, 0.81g). 
The reaction was stirred for an hour at room temperature and then quenched with 60 
ml, 1M HCl. The organic layer was then extracted with 25 ml DCM three times and 
dried with 25 ml brine and MgSO4. The 1,12-dodecanedithiol was obtained by the 
column chromatography as the white solid (0.1g, 20%).  
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Figure 20. 1H NMR of 1, 12-dodecanedithiol. 1H NMR (400 MHz, CDCl3) δ 2.54 (quart, J = 7.48 Hz, 
4H), 1.61 (quint, J = 7.88 Hz, 4H), 1.43-1.28 (m, 18H). 
 
Figure 21. 13C NMR of 1, 12-dodecanedithiol. 13C NMR (100 MHz, CDCl3) δ 34.0, 30.9, 29.5. 29.1, 
28.4, 24.6. 
 
The product was sent for nuclear magnetic resonance spectroscopy (NMR) to check 
the structure. The spectra are shown as Figure 20 and 21 which agree well with the 
literatures [77-78]. 1H NMR (400 MHz, CDCl3) δ 2.54 (quartet, J = 7.48 Hz, 4H), 1.61 
(quintet, J = 7.88 Hz, 4H), 1.43-1.28 (m, 18H). 13C NMR of 1, 12-dodecanedithiol. 13C 
NMR (100 MHz, CDCl3) δ 34.0, 30.9, 29.5. 29.1, 28.4, 24.6.  
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2.2 Formation of the self-assembly monolayers (SAMs) 
The self-assembled monolayers can be either formed by simply immerse the 
substrate into the molecular solution or generated in the liquid cell. In CP-AFM BJ 
measurement, it was conducted in the air environment with the SAMs formed by 
immersing the substrates (both gold and graphene) into the diluted alkanedithiol 
solution (5%, w/w or 1mM) for 90 seconds. For example, 1,6-hexanedithiol was diluted 
to 5% in methanol by dissolving 1 ml of 1,6-hexanedithiol in 25 ml methanol. For STM-
BJ and STM I(s) techniques, such measurements on the gold were performed in the 
liquid cell. The diluted molecular solution in mesitylene (1 mM) was injected to the 
liquid cell after the well setting of the experiment. The cell was cleaned in an ultrasonic 
bath with piranha solution for 5 min, followed by 5 min in an ultrasonic bath with 
ethanol/acetone solution. In order to prepare the ideal SAMs, it is also necessary to 
prepare several solutions with different concertation of the target molecule and check 
the junction formation possibility in the measurement. 
 
2.3 Preparation of the tips 
The gold-coated AFM tips were purchased from the Budget Sensors (Multi75GB-
G) and used after calibration of the force constant and resonance frequency on the 
sapphire substrate. The basic parameters of the AFM tip, for example, the radius of the 
tip, shape, force constant, resonance frequency and dimensions of the cantilever were 
provided from the manufacturer. These values may be varying for each specific tip due 
to the manufacturing diversity. The determination of the resonance frequency is 
achieved by the thermal tune function of the AFM while the force constant is examined 
on the hard contact of the sapphire substrate. See section 2.4.3 below for the conversion 
of the voltage and forces in the AFM technique. 
STM tips with good spatial resolution and image quality are quite important for the 
STM based experiments. Over the past three decades, more than ten methods have been 
developed to obtain the ideal tip with single atom at the apex [68]. Among these 
methods, mechanical cutting is the easiest way but it will produce multiple atoms of 
tips with low reproducibility, while the electrochemical etching method is good for 
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producing relatively reliable and reproducible STM tips. In our experiment, the tips for 
the STM BJ were cut mechanically before use (with scissors), whereas the tips for the 
I(s) technique were made by electrochemical etching of gold wires (0.25 mm, Tianjing 
Lucheng Metal company, 99.99%). 
 
 
Figure 22. (a) Schematic diagram of the electrochemical etching. (b) A photo of the experimental 
setup. (c) A typical SEM image of the as-prepared tip. 
 
Reported by Ren et al. in 2004 [83], the setup of the method is shown as Figure 22. 
A gold ring with 8 mm in diameter was placed on the surface of the solution, then a 
gold wire of 0.25 mm diameter was immersed in the centre of the ring. The gold ring 
and gold wire were connected to the negative and positive electrodes of a potentiostat 
respectively. Hydrochloric acid and ethanol (50:50) were used as the electrolyte for 
etching. During the electrochemical reaction, hydrochloric acid was used to supply Cl- 
ions and the ethanol was intended to reduce the bubbles produced. 
By applying the external voltage at 4V, the electrochemical etching begins with the 
observation of bubbles around the gold ring. The voltage circuit was then switched off 
after the fallen of the lower gold wire. A rinsing process was also conducted to clean 
the remaining electrolyte on the surface of tips. The tip was then transferred to SEM to 
check the quality as shown in Figure 22c. 
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2.4 The conductance measurement experiment 
2.4.1 STM Break Junction Technique.  
A modified STM system (based on Keysight Technology 5500) was used for the 
STM BJ method. A mechanically cut Au tip was used to fabricate the 
gold−molecule−gold and gold−molecule−graphene molecular junctions. The 
gold/graphene substrate was mounted on the STM stage with the liquid cell. The gold 
tip was brought close to the surface at a current of 0.015 nA with a bias voltage of 0.2 
V during the tip approach. The current was then increased to 0.1 and then to 1 nA in a 
stepwise manner to check the stability. Finally, the current was set to 30 nA to create 
the metallic point contacts in the case of gold/gold junctions or hard gold/graphene 
contacts for the graphene experiments. The current−distance signals were recorded with 
an external data acquisition instrument. A Z-sweep could be applied to the scanner (Z 
sweep 4 nm, 0.3 per second) if the system became unstable to help remove tip 
instabilities/contamination. The collected curves were then used for data analysis and 
histogram generation. 
 
2.4.2 STM-Based I(s) Technique.  
This technique was implemented in accordance with methods first described by 
Haiss et al. [13] with necessary modifications to our Bruker STM equipment. The 
electrochemically etched Au tip (ethanol/HCl 37% = 1:1, voltage = 4 V) was set at an 
initial vertical distance (4 nm in our experiment), and then the tip was brought close to 
the molecularly functionalized substrate by selecting a large current set-point (I0) value. 
When the distance between the tip and substrate reached the preset threshold of the set-
point current, the feedback loop was disconnected, the STM tip was then rapidly 
withdrawn to the initial vertical distance. During this process, the current was measured 
as a function of vertical distance. For each molecule, the parameters such as the applied 
bias, vertical distance, trigger threshold and moving speed can be varied. The 
conductance of Au−1,8-octanedithiol/1,6-hexanedithiol−Au junctions was determined 
in the liquid cell, whereas the conductance of graphene based junctions was measured 
under air conditions. 
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2.4.3 CP-AFM Break Junction Technique. 
The Bruker Multimode 8 microscope equipped with a conductive AFM application 
module was used for formation of the molecular junctions by the CP-AFM BJ method. 
Such experiments were performed under ambient conditions with a conductive gold 
AFM probe and target molecules covered on the gold/graphene substrates. To obtain 
the contact between the two electrodes, the AFM contact mode is selected at a scan rate 
of 1 Hz, a sample bias of 0.3 V, and an applied piezo scanner voltage of 0.5 to 8 V 
(corresponding to a force of 20 to 300 nN). The current amplifier was calibrated using 
high-precision resistors. The force applied to the surface can be varied depending on 
the experimental conditions and requirements. In our setup, we use the minimum force 
which gives a sufficiently stable current signal. Similar to STM based techniques, the 
collected current and distance signals were then sent for data analysis to get the most 
probable conductance values of the junction. 
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Calibration of the CP-AFM module and scanner. 
 
Figure 23. (a) The photo of the CP-AFM application module assembly (b) The standard I-V curve for 
calibrating the CP-AFM application module and the scanner. 
 
Before performing the conductance measurement of the molecular junction, it is 
important to calibrate the CP-AFM module and piezo scanner in order to get accurate 
signals. The calibration resistor (100 Meg Ohm) is used for such test (Figure 23a). For 
the software setup, the system is set to the “Scan Mode” followed by a “False Engage”, 
then the “Ramp mode” is selected in the Workflow toolbar to test the relationship 
between DC Test Bias (V) and CP-AFM Current (nA). Figure 23b shows a linear 
correlation of the applied bias (-10 to 10V) and the CP-AFM current (-100 to 100 nA), 
indicating the good situation of the system. 
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Conversion of the applied voltage (V) and the applied force to the surface (F) 
According to the spring constant formula, F=kx, both parameters of spring constant 
(k) and deflection distance (x) are required to obtain the force value applied to the 
surface. Since the deflection of the probe is controlled by the applied voltage (V) to the 
piezo scanner, the relationship (deflection sensitivity) between the applied voltage and 
the responded extension or retraction distance should be calibrated firstly. This was 
done under the “Contact Mode” on the hard sapphire substrate and calculated by the 
“Ramp” function from the Bruker Nanoscope software. The spring constant (k) of the 
probe is obtained by the “Thermal Tune” function under the withdrawal status and 
calculated by the Nanoscope software as well. Therefore, the relationship between the 
applied voltage and contacting force is then obtained by the simple calculation based 
on the spring constant formula. 
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2.5 Data analysis 
2.5.1 Manually selection 
To determine the conductance of each junction, usually over 2000 current−distance 
curves were collected, and those showing junction formation were selected on a 
consistent basis to avoid the artificial bias. Then conductance histograms were 
constructed as described in the literature by combining these traces, and the resulting 
peaks in these plots for selected molecules were used to compute the molecular 
conductance [11]. Briefly, I-s curves were imported to OriginPro 2016 software to plot 
1D and 2D histograms. A Gaussian fit was applied to the peak in 1D histograms, as a 
result, the conductance of the single molecule can be defined as peak center ± half of 
the full width at half maximum (FWHM). 2D histograms were plotted by the descriptive 
statistics function in the Origin, the 2D frequency counts of the conductance data was 
obtained, indicating the most probable distribution region of the conductance values.  
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2.5.2 Automatic data analysis algorithm 
 In Chapter 6, we introduce an efficient data sorting algorithm, including filters for 
noisy signals, conductance mapping for analyzing the most dominant conductance 
group and sub-population groups. The capacity of our data analysis process has also 
been corroborated on real experimental data sets of Au-1,6-hexanedithiol-Au and Au-
1,8-octanedithiol-Au molecular junctions. The experimental data sets for gold-
molecules-gold molecular junction were collected by the STM based I(s) technique in 
a liquid cell environment.  
 
Parameters of the data analysis algorithm 
The data analysis algorithm was written in Matlab (2016b) and the detailed 
classification approach is described in Chapter 6. All relevant scripts and data can be 
found in the Appendix. When setting the parameters of specific data sets, several 
attempts can be made to find the optimum values. The detailed parameters used in this 
work are shown in the table 2 below. Using the optimum parameters for the code, the 
most dominant conductance cluster has been located after the data sorting program. 
 
Table 2. Parameters used in the experiment. 
 1,6-hexanedithiol 1,8-octanedithiol 
X-Filter Data range: 0–2.8 nm 
Mean value: 0.1 
Variance: 0.1 
Data range: 0–2 nm 
Mean value: 0.1 
Variance: 0.1 
Y-Filter Data range: 20–30 nA 
Mean value: 3.5 
Variance: 30 
Data range: 6.6–10 nA 
Mean value: 3.5 
Variance: 10 
Peak-Filter Peak number: 3 Peak number: 3 
Conductance mapping Number of steps: 5 Number of steps: 19 
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Explanation of the given parameters 
 
Figure 24. The parameter differences between the undesired curve and desired curve. 
 
The parameters included in the study are not arbitrary choices of the operator, but 
based on a trial and error scheme. We firstly define an arbitrary, noise-free, 
exponentially decaying current–distance curve as the reference, the parameters for a 
standard noisy-free curve can be achieved. We then define a noisy curve as the 
reference to get the related parameters. Thus, the parameter combinations used for the 
trial and error scheme are generally in this range. Owing to the powerful computing 
capability of the computer, the software can list and try all the possibilities of the 
parameter combinations in a very short time. For example, the undesired curve in Figure 
24 showed a high value of average and variance in the selected data region, while values 
for the desired curve are much lower, the script then takes these calculated values as 
difference to remove the undesired curves. The values in the study were chosen after 
many iterations of running the program, resulting in good Gaussian peaks in the 
histograms following double checking of the exported I(s) curves. 
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Trial and error scheme 
 
Figure 25. The flowchart of the trial and error scheme on how to obtain the good results and ideal 
parameters. 
 
It is quite crucial to note that the selection of parameters does not simply rely on 
the subjective choices of the operator, but is based on a trial and error scheme as shown 
in Figure 25. Basically, with a set of parameters and raw I(s) data, conductance 
histograms were generated by the algorithm within a minute, the selected files were 
then plotted as curves to double check the feature of plateaus. If bad histograms were 
obtained, a modified set of parameters was imported to run the script again and again. 
As long as the good histograms and I(s) curves were obtained, we can treat the related 
parameters as a proper set, otherwise, the experiment data is bad.  
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Instruction of the data analysis algorithm 
 
Figure 26. The screenshot of the exported I(s) files in the same folder with Matlab code. 
 
The raw I(s) data were directly exported as ASCII text files, then the Matlab code 
was copied to the same folder of the I(s) data.  
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Figure 27. The screenshot of the Matlab code. 
 
The Matlab code was displayed as Figure 27 by double click the code file. With 
the correct setting of parameters, the code was then executed by single click the run 
button as highlighted with a red circle. 
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Figure 28. The screenshot of the generated 1D histogram (b) and conductance maps (a), (c), (d). 
 
Within a minute, over 11,000 I(s) were analyzed by the Matlab code, four 
histograms were then generated indicating the most probable conductance value of the 
molecular junction. Figure 28a shows the conductance map of all the I(s) data without 
grouping. Figure 28b is the 1D histogram of the selected plateau featuring I(s) curves, 
the selected I(s) curves were also saved as a compressed file in the same folder. Figure 
28c indicates the conductance map of all the I(s) curves by grouping in three regions. 
Figure 28d represents the five defined regions of the blue region in Figure 28c. The 
detailed description can be also found in the Chapter 6.  
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Figure 29. The screenshot of the exported I(s) curves. 
 
The exported the I(s) files were plotted as traces to double check the plateau 
features. 
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3 Chapter 3: Charge Transport Properties of Alkanedithiol in 
Graphene Based Molecular Junctions 
3.1 Preface 
The research work in Chapter 3 was carried out in collaboration with the theoretical 
simulations by the Dr. Yannick J Dappe’s group (CEA, CNRS, France). I will present 
my experimental work on the construction of gold−n-alkanedithiol−graphene 
asymmetric junctions and the related measurement of the charge transport properties. 
The results presented in this chapter were published and reproduced with permission 
from Nano Lett. 2016, 16, 6534−6540 (DOI: 10.1021/acs.nanolett.6b03180), with the 
title: ‘Graphene as a Promising Electrode for Low-Current Attenuation in 
Nonsymmetric Molecular Junctions’. Copyright 2016, American Chemical Society. 
This study was designed by Richard J. Nichols, Li Yang and Cezhou Zhao. I carried out 
the main experimental work on the application of the I(s) method, junction formation 
and data analysis plus writing the first draft of the manuscript. César González and 
Yannick J. Dappe conducted the simulation work and developed analysis tools. The 
manuscript was then corrected by Yannick J. Dappe, Richard J. Nichols, and Li Yang. 
The rest of authors conducted some other supporting works, for example, the data 
analysis, discussion and double check the experimental results. 
In this chapter, we investigate the possibility of constructing non-metallic 
molecular junctions and the corresponding charge transport properties through such 
junctions by replacing the common gold electrode with a graphene electrode. We have 
measured the single-molecule conductance of 1,n-alkanedithiol molecular bridges (n = 
4, 6, 8, 10, 12) on a graphene substrate using scanning tunnelling microscopy (STM)-
formed electrical junctions. The conductance values of this homologous series ranged 
from 2.3 nS (n = 12) to 53 nS (n = 4), with a decay constant βn of 0.40 per methylene 
(−CH2) group. This result is explained by a combination of density functional theory 
(DFT) and Keldysh−Green function calculations. The obtained decay, which is much 
lower than the one obtained for symmetric gold junctions, is related to the weak 
coupling at the molecule−graphene interface and the electronic structure of graphene. 
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As a consequence, we show that using graphene nonsymmetric junctions and 
appropriate anchoring groups may lead to a much lower decay constant and more 
conductive molecular junctions at longer lengths. 
 Despite the main description in the publication, I will provide more interpretations 
here about the energy level shift in this study which is important to understand the low 
decay value of the graphene based junction. It is well-known that when a thiol-
terminated molecule is adsorbed on gold, there is strong charge transfer from the sulfur 
to gold which is driven by an interface electric dipole. In the case of a gold-
alkanedithiol-gold molecular junction, the HOMO level is known to be located around 
2 eV below the Fermi level. There is a cancellation of the two interface dipoles, leading 
to an electrostatic equilibrium in the molecular junction. In the present case of the 
nonsymmetric gold−molecule−graphene junction, this equilibrium is broken due to the 
unbalanced the coupling strength (Au-Au > Au-Graphene). Since the removing of 
charges from molecules depopulates the HOMO level, then we observe a HOMO level 
shift to the Fermi level (-0.4 eV).  
 
Figure 30. The equilibrium status and HOMO level shifted status of the gold-alkanedithiol-gold and 
gold-alkanedithiol-graphene junctions respectively. 
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3.2 Introduction 
Although technologically relevant molecular electronic devices still seem a long 
way off, the ability to measure the electrical properties of single molecules can be now 
achieved with a variety of techniques that were not available at the genesis of the field 
[7]. The ability to construct robust and reproducible molecular junctions, both for large-
area planar contacts and at the single-molecule level, and to reliably characterize their 
electrical properties has been a key driver of the field of molecular electronics over the 
past decade [44]. In particular, the development of techniques using, for example, 
mechanically controlled break junctions (MCBJ), scanning tunneling microscopy break 
junctions (STM-BJ), conductive probe atomic force microscopy (CP-AFM) and the I(s) 
technique (I = current, s = vertical distance) based on STM [10-13] have given new 
understanding and control of the flow of current through molecules [28]. These 
techniques share the general concept of trapping molecules between two contacting 
electrodes and thereby assembling metal−molecule−metal junctions for electrical 
probing. Through such measurements, as well as measurements on large-area junctions, 
it has become clear that many factors can influence the electrical current flow through 
molecular junctions, such as the intrinsic properties of molecules, electrodes, external 
environment, and so on [34,84,85]. So far, studies of single-molecular electrical 
properties have mainly focused on metal electrodes (Au, Ag, and Pt), largely due to the 
relative ease of their preparation and the ability to link molecules to these electrodes 
through a range of accessible chemisorption with a growing variety of anchoring groups 
(e.g., −SH, −NC, −NH2, and −COOH) [48,86]. 
However, there is an increasing realization that new single-molecule electrical 
junction functionality can be achieved through the use of nonmetallic electrodes, with 
contacts such as indium−tin oxide (ITO) [49,50,87,88], carbon-based materials, and 
even novel two-dimensional (2D) graphene now being considered [89-91]. Kim et al. 
have formed graphite−molecules−Au molecular junctions by the use of the STM-BJ 
technique and measured the conductance of amine-terminated oligophenyl compounds 
[69]. Ullmann et al. presented a reliable fabrication of graphene molecular junctions 
with C60 endcapped molecular wires [70]. Dappe et al. combined carbon tips with 
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graphene as a counter electrode to construct all-carbon molecular junctions [71]. These 
fundamental studies suggest that carbon based materials have the potential to be 
valuable alternative electrode materials for molecular electronics in the next generation 
of nanostructured devices. 
Graphene, since its experimental discovery in 2004, has already been foreseen as 
an important future technology and applications of this material are gaining momentum 
[73-74]. This carbon monolayer exhibits remarkable electronic, thermal, mechanical 
and optical properties due to its zero-band gap and flat and super-thin structure [75], 
making it useful as a platform for electronics, sensors, and electrodes in field effect 
transistors and as transparent contacts for photovoltaic devices [19]. Here, as a first step 
toward realizing its potential as electrodes, we demonstrate the use of graphene as a 
bottom electrode in place of the more commonly used gold. The well-studied system of 
thiol-terminated 1,n-alkane molecular bridges were selected as a test-bed to investigate 
the possibility to use graphene electrodes to form single molecule junctions. We have 
constructed gold-(1,n-alkanedithiol)-graphene hybrid junctions (n = 4, 6, 8, 10, 12) and 
measured the conductance of each molecular target using the so-called I(s) STM 
method to form single molecule junctions [8]. In addition, we investigated the length 
dependence of conductance of these molecules with the decay constant (βn) being 
experimentally determined across the n = 1 to 12 series, which we have compared with 
literature values for equivalent Au−molecule−Au junctions.  
First-principles theoretical methods have already been shown to be highly valuable 
in interpreting the transport properties of molecular electrical junctions [92-93] and 
have been developed as indispensable tools for understanding, in combination with 
experiments, junction electrical properties and mechanisms of charge transport. Here, 
we show that the asymmetry of the junction and the combination of strong charge 
transfer at the gold electrode−molecule interface and weak coupling at the graphene 
bottom contact all play an important role in the electrical properties of the junctions. 
The combination of these factors leads to a strong reduction of the electronic length 
decay value, which is found to be about half of the value obtained for symmetric gold 
junctions. This lower attenuation factor leads to higher junction conductance for the 
longest junctions studied here.
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3.3 Results and discussion 
 
Figure 31. (a) Schematic diagram of the molecular junction formed in this study. (b) Typical I(s) curves 
of bare graphene (gray, without molecular junctions formed), gold−1,4-butanedithiol−graphene junctions 
(red), gold−1,6-hexanedithiol−graphene junctions (green), and gold−1,8−octanedithiol−graphene 
junctions (blue). 
 
As mentioned above, the I(s) technique was used to construct gold−(1,n-
alkanedithiol)−graphene hybrid junctions as well as to measure the single-molecule 
conductance (Figure 31a). Figure 31b shows two different kinds of typical 
conductance−distance curves: one type is the fast exponential decay (gray lines) of the 
current as a function of the distance between the tip and bare graphene substrate, and 
another type is the less-abrupt decay with the observation of well-defined plateaus (red, 
green, and blue lines). Taking 1,4-butanedithiol as an example, evidence for the 
formation of gold−1,4- butanedithiol−graphene hybrid junctions was derived from the 
observation of characteristic current plateaus located around 50−60 nS. Many factors 
can result in the sudden drop of the conductance in Figure 31b: one is the breaking of 
molecular junctions, and another one can be the change of metal−molecule 
configurations during the withdrawal [94-95].  
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Figure 32. (a) 1D histograms of single-molecule conductance of gold−1,4-butanedithiol−graphene 
hybrid junctions with the Gaussian fit. (b) The corresponding 2D histogram with a sensitivity indicator 
of the conductance counts. 
 
After the unbiased selection of plateaus featured curves, over 400 I(s) curves were 
combined to form one-dimensional (1D) conductance and two-dimensional (2D) 
histograms, as shown in Figure 32. The 2D histograms were plotted by counting the 
data points corresponding to each conductance value as a function of the stretching 
distance of molecular junctions, and 1D histograms are represented by the conductance 
count values. From the 2D histograms, information concerning the distribution of 
conductance values and the length of the plateaus can be obtained, while the 1D 
histograms with peak fitting represent the conductance value. For each 2D histogram, 
a color bar was created to indicate the data sensitivity of conductance counts, with blue 
representing low count values, whereas red represents high count values. A significant 
peak around 53.0 nS is observed from the 1D histogram in Figure 32a, which indicates 
a dominant geometry between the molecules and the electrodes. Figure 32b is the 
corresponding 2D histogram with a distribution of conductance data ranging mainly 
between 45 and 60 nS. A red region (high point density) observed in the 2D histogram 
at the base of the 2D plot corresponds to the normal decay of the current, while the red 
region around 45−60 nS represents the distribution of current plateaus corresponding 
to molecular junctions. These values are consistent with the formation of molecular 
junctions for this molecule (Figure 32b). 
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Figure 33. Stacked conductance histograms for gold−n-alkanedithiol−graphene hybrid junctions in 
which n = 4 (red), 6 (green), 8 (blue), 10 (yellow), and 12 (magenta). 
 
Figure 33 presents conductance histograms of 1,n-alkanedithiol (n = 4, 6, 8, 10, 12) 
with the same conductance and counts scale. A single main peak dominates each of 
these plots, and this indicates the respective conductance values for each molecular 
junction. We found the conductance values of 1,4-butanedithiol (red), 1,6-hexanedithiol 
(green), 1,8-octanedithiol (blue), 1,10-decanedithiol (yellow), and 1,12-dodecandithiol 
(magenta) to be 53.0, 24.3, 9.2, 4.2, and 2.3 nS, respectively (the corresponding 1D and 
2D histogram with the Gaussian fit of each molecular junction are shown in the 
Appendix A1). 
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Figure 34. DFT-optimized model junctions used for the conductance calculations. 
 
Also in parallel, we have calculated the theoretical conductance using a combined 
DFT and Keldysh−Green function formalism (Figure 34). In general, there is a good 
agreement between theoretical and experimental results despite some discrepancies in 
the overall behavior of the conductance, which can be attributed to different structural 
optimizations of the molecular junctions. Also, it is likely that many configurations are 
experimentally sampled in the stochastic junction formation process, whereas the 
calculations have been performed for an ideal single-molecule nanojunction. However, 
the general behavior compares well with experimental data. From Figure 34, we can 
observe that the molecular chains are oriented along the molecule−graphene axis for 
long chains, as expected, but present a small tilt angle for n ≤ 8. This is probably related 
to a stronger tip−graphene interaction. With the shorter length of the molecule, the 
tip−graphene distance is much-reduced, therefore promoting more significant tip− 
graphene interactions, which can compress or tilt the molecule sandwiched in the 
junction. 
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Figure 35. (a) Calculated electronic transmission T(E) of the molecular junctions for the different lengths. 
(b) Calculated PDOS of the molecules in the molecular junctions for different lengths. In both figures, a 
strong resonance appears, associated with the HOMO level, at −0.4 eV with respect to the Fermi level. 
 
Figure 35a shows the evolution of the electronic transmission, T(E), for the 
different molecular lengths. These transmission curves show an important peak located 
at around −0.4 eV below the Fermi level for each molecular junction, which 
corresponds to the transmission resonance associated with the HOMO level. The 
position of the HOMO level, as also shown in the density of states (DOS) of the junction 
represented in Figure 35b, is an indication of the charge transfer between the molecule 
and the electrode. From our calculations, we determined that the charge transfer from 
the S atom in the S−Au contact is around −0.26 e. This charge transfer and the 
corresponding interface dipole are relatively small but significant enough still to 
partially depopulate the HOMO level and relocate it closer to the Fermi level. 
The position of the HOMO here can be analyzed with respect to the case of the 
symmetric gold−molecule−gold junction. It is well-known that when a thiol-terminated 
molecule is adsorbed on gold, there is strong charge transfer from the sulfur to gold and 
that, consequently, the HOMO level generally shifts toward the Fermi level (adding 
charges to the molecule will push the HOMO further away from the Fermi level, 
whereas removing charges depopulates the HOMO level, forcing it toward the Fermi 
level). This charge transfer is driven by an interface electric dipole pointing from the 
sulfur to the gold. However, in the case of a molecular junction when the molecule is 
connected to two gold surfaces through thiol groups, the HOMO level is known to be 
located around 2 eV below the Fermi level [96]. This means that the charge transfer 
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from the thiols to the gold surfaces is reduced, which can be interpreted as a cancellation 
of the two interface dipoles, which point in opposite directions, leading to an 
electrostatic equilibrium in the molecular junction. Now in the present case of our 
nonsymmetric gold−molecule−graphene junction, this equilibrium is broken. Indeed, 
the coupling between the thiol and the graphene is much weaker than the one between 
the thiol and gold due to van der Waals interactions. Therefore, the interface dipole on 
the graphene side is much smaller than on the gold side, meaning that the 
thiol−graphene dipole does not compensate the thiol−gold dipole. Thus, we recover a 
situation similar to the standard adsorption of a thiol terminated molecule on a gold 
surface, with a significant charge transfer at the thiol−gold interface, causing the 
HOMO level to move closer to the Fermi level. This is the reason why we obtain a 
HOMO level and consequently a peak in the transmission at around −0.4 eV with 
respect to the Fermi level.  
 As the length increases, the molecular gap gets smaller leading to a decreasing 
HOMO − Fermi level energy difference. Notice that the difference between n = 8 and 
n =10 is not so clear, probably due to the change of molecular conformation, from a 
tilted to a straight arrangement. As a remark, some small artifacts appear in the DOS 
due to the coupling with the gold electrode. As an atomic cluster, the gold tip presents 
many surface states that will couple with the molecule, which leads to the emergence 
of several peaks in the DOS. These peaks are not present in the electronic transmission 
because the coupling to the bulk electronic reservoirs removes these negligible 
contributions.  
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Figure 36. Natural logarithmic plot of the conductance as a function of the number of CH2 groups. The 
red line represents the theoretical values, the black line is experimental data for Au−molecule−graphene 
junctions, and the blue line is the literature data for Au−Molecule−Au junctions. 
 
The results show a clear decrease in the single molecular conductance with the 
addition of methylene (−CH2) units to the molecules. This phenomenon can be 
explained by a superexchange mechanism. The exponential conductance decay with the 
number of molecular units is expressed by G = A exp(−βnn), where G is the conductance; 
A is related to the nature of molecule−electrode interaction, which reflects the contact 
resistance; βn is the decay constant, which describes the efficiency of electron transport 
through the molecules; and n is the number of methylene groups [44,97]. To investigate 
the relationship between molecular length and conductance, a linear fitting of the 
natural logarithmic single-molecule conductance versus the number of (−CH2) units per 
molecular junction was plotted, and a decay constant βn = 0.40 was obtained from the 
slope in Figure 36. Besides the experimental conductance values, the theoretical decay 
constant is estimated to be around βn = 0.32, in good agreement with the experiments, 
confirming the importance of the molecule− graphene interface on the electronic 
transport. 
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 Many literature studies have been performed to measure the single-molecule 
conductance and investigate the decay constant of gold−alkanedithiol−gold systems. 
For example, Marita and Lindsay measured the conductance of 1,n-alkanedithiol (n = 
8, 10, 12) compounds using CP-AFM, with conductance values of 16.1 ± 1, 1.37 ± 0.35, 
and 0.35 ± 0.04 nS found, respectively [30]. Based on STM-BJ measurements, Li et al. 
have reported conductance values for 1,n-alkanedithiols of 19.4 (n = 8) and 1.6 nS (n = 
10), for example [52]. In general, the decay constant (βn) ranges from 0.8 to 1.0, 
measured by either STM-BJ or CP-AFM technologies [30,36,52]. Although the general 
trend of the conductance decay with molecular length is qualitatively similar in metallic 
and hybrid junctions, the comparison of absolute conductance values of these two 
junction types is not straightforward, which is mainly due to the change of electrodes. 
This difference can be explained using a simple barrier tunneling model, which 
considers the relationship between the decay and the barrier height at the 
molecule−electrode interface [23]: βn = 2𝑑0√(2𝑚𝜙)/ћ., where d0 is the unit length 
between the monomers in the molecule, m is the mass of the electron, and φ is the 
barrier height. The latter is given by the energy difference between the Fermi level and 
the HOMO level of the molecule in the present case. In the case presented here, with 
our nonsymmetric junction between gold and graphene, the theoretically determined 
values are φ ≈ 0.4 eV (see the DOS in Figure 35b) and βn= 0.4. In the case of a 
symmetric gold junction where φ is significantly higher at ∼2 eV [96], the 
corresponding β value would be βn = 0.4√(2/0.4) = 0.4√5 = 0.9, in good agreement 
with experimental observations. This simple reasoning shows that our findings are in 
good agreement with previous observations for Au−alkanedithiol−Au junctions. The 
contact resistance can be determined from the intercept of the linear fits in Figure 36 
by extrapolating the fits of literature (blue line) [30], our experiments (black line), and 
theory (red line) to zero length, and the resistance values found are ∼27, ∼5000, and 
∼3900 kΩ, respectively. This shows that the contact resistance of 
Au−molecule−graphene junctions is much higher than for the Au−molecule−Au 
junctions. This difference indicates that the coupling between molecules and electrodes 
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is rather weak at the graphene−molecule interface, which is in a good agreement with 
our theoretical interpretation above. The relatively small degree of electronic transfer 
at the graphene interface, in which the alkanedithiol donates a small partial electronic 
charge to the graphene surface, leads us to suggest that the binding at this interface is 
primarily related to a van der Waals coupling [98]. 
 It is useful to compare our results to those in which large area graphene contacts 
have been deployed. For example, Cao et al. have used graphene electrodes to create 
“robust and identical molecular transport junctions” using a lithographic method [72]. 
To further prove the effectiveness of their junctions, they capped molecules with amino 
groups to construct graphene−molecule−graphene symmetric junctions, which showed 
excellent reproducibility and stability. In addition, graphene− molecule−graphene 
symmetric molecular junctions were formed to create devices with electronic 
functionality (for example, reversible conductance switching based on graphene− 
azobenzene junctions) [99]. The replacement of the gold electrode to construct a 
symmetric graphene−molecule−graphene junction changes the coupling strength 
between the molecules and electrodes [100]. In our present study we find that the 
bonding strength between graphene and thiol groups is relatively weak, and the 
interface resistance is much higher in comparison with that of the gold and thiol 
coupling. Thus, in graphene−alkanedithiol−graphene symmetric junctions, the 
resistance would be higher, giving a lower conductance than graphene−gold 
nonsymmetric junctions. It is therefore important to consider the nonsymmetric nature 
of the graphene−molecule−gold junctions and the complete junction electronic 
properties when comparing them to symmetric graphene−molecule−graphene junctions. 
 In the case of a symmetric gold−molecule−gold junction, the system tends to reach 
an electrostatic equilibrium where little charge transfer is observed, as explained earlier 
in the DOS analysis. However, in a nonsymmetric junction, substantial charge transfer 
is observed at the metallic electrode−molecule interface, which leads to a relocation of 
the HOMO closer to the Fermi level. In this case, there is large dipole at the 
gold−molecule interface that is not compensated at the graphene interface. 
Consequently, much-smaller attenuation of the current along the molecular wire is 
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obtained. This effect is mainly due to the weak coupling at the molecule−graphene 
interface, which excludes any significant charge transfer at this interface. 
 Indeed, the effect of graphene is mainly to decouple the molecule from the second 
electrode and to favor a stronger charge transfer at the S−Au interface, hence relocating 
the HOMO level near the Fermi level. In this case, the effect is less due to the electronic 
properties of graphene than to the weak coupling associated with van der Waals 
interactions. Consequently, the combination of a weak coupling at the bottom graphene 
electrode with a strong coupling and high charge transfer at the top metallic electrode 
opens perspectives for controlling charge transfer and attenuation factors of single 
molecule junctions. 
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3.4 Conclusion 
 In summary, we have systematically studied using an STM based technique the 
single-molecule conductance of 1,n-alkanedithiols (n = 4, 6, 8, 10, and 12) using 
graphene bottom and gold top electrodes. The conductance decays exponentially with 
the number of methylene groups with a decay constant of 0.40, much lower than the 
value obtained with a second metallic contact. Theoretical computations of the junction 
conductance values were also performed to investigate the electrical properties as a 
function of molecular length. These results show that the decay is related to the junction 
electronic structure, the nonsymmetric contact, and the weak coupling at the 
molecule−graphene interface, leading to a stronger charge transfer at the gold 
electrode−molecule interface. This work suggests that novel nonmetallic 2D materials 
could serve as promising electrodes to construct nonsymmetric junctions with tunable 
attenuation factors and electrical signatures, which differ from those of equivalent 
symmetric junctions with metal contacts. 
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4 Chapter 4: Effect of Anchoring Groups on Single Molecule 
Conductance in Graphene Based Molecular Junctions: Comparative 
Study of Thiol- and Amine- Terminated Molecules 
4.1 Preface 
The research work in Chapter 4 was carried out in collaboration with the theoretical 
simulations made by the group of Dr. Yannick J Dappe (CEA, CNRS, France). I will 
present my experimental work on the construction of the gold−n-
alkanediamine−graphene asymmetric junction and the related measurement of the 
charge transport properties. The results presented in this chapter were published and 
reproduced with permission from J. Phys. Chem. Lett. 2017, 8, 5987−5992 (DOI: 
10.1021/acs.jpclett.7b02822), with the title ‘Symmetry Effects on Attenuation Factors 
in Graphene-Based Molecular Junctions’. Copyright 2017, American Chemical Society. 
This study was designed by Richard J. Nichols, Li Yang and Cezhou Zhao. I carried out 
the main experimental work on the conductance measurement and data analysis plus 
writing the first draft of the manuscript. Alexander Smogunov and Yannick J. Dappe 
conducted the simulation work. The manuscript was then corrected by Yannick J. Dappe, 
Richard J. Nichols, and Li Yang. The rest of authors conducted some other supporting 
works, for example, the data analysis, discussion and double check the experimental 
results. 
We have demonstrated the unique structural and electronic characteristics of 
graphene material to serve as a bottom electrode to construct carbon based junctions in 
Chapter 3. Since the nature of molecules will strongly influence the charge transport 
properties of the junction, it is thus very important to elucidate the role of molecules 
with different anchoring groups in graphene based junctions. With this in mind, we have 
probed here the electrical conductance of a molecular junction based on α,ω-
diaminoalkane chains sandwiched between a gold and a graphene electrode. This result 
is also compared with the junctions bridged with thiol-terminated molecules. STM 
based I(s) method combined with density functional theory-based transport calculations 
are used in this study, we demonstrate that the resulting attenuation factor turns out to 
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be much lower when compared to the standard molecular junction between two gold 
electrodes. This effect is attributed to asymmetric coupling of the molecule through 
strong chemisorption at the gold electrode and weaker van der Waals contact at 
graphene. Moreover, this asymmetric coupling induces higher conductance than that in 
the same hybrid metal−graphene molecular junction using standard thiol anchoring 
groups. 
 I will also provide an overview here about the interpretation of the decay and 
conductance values in gold-alkanediamine-graphene nonsymmetric junctions. The 
obtained decay value (0.37) is very similar to the alkanedithiol chains (0.40) and again 
much smaller than the one obtained in the case of a symmetric gold−gold molecular 
junction (0.88). From the DFT calculation, the HOMO level of the alkanediamine case 
is much farther from the Fermi level, −3.5 eV, than that in the alkanedithiol case ( −0.4 
eV). Considering the similar decay values, it is not sufficient to explain the low 
attenuation by the use of a simple barrier tunneling model (βn ~ barrier heright). Hence, 
the attenuation factor of the diamine case is not only determined by the interface 
properties but also by the electronic properties of the isolated molecule. From the 
HOMO orbitals of the dithiol and diamine, the conductance along the chain is much 
more favored in the case of the diamine molecule compared to that in the dithiol case 
due to the symmetric factors of the molecules. We also observed the significant HOMO 
level shift (-5.5 to -3.5 eV) in the alkanediamine case, which is similar to the dithiol 
case (-2 to 0.4 eV). Thus, the attenuation factor of the junction is determined by the 
balance between EF-EHOMO (interface properties) and the propagation along the 
molecular chain (isolated molecular properties). For the diamine case, although the 
tunnelling barrier at the interface is relatively high, the charge transport along the 
molecular chain is relatively high as well. There are two factors for the unexpected 
conductance behaviour of the alkanediamne junctions compared to alkanedithiol ones. 
The first factor is related to the conductance along the chain being much favoured in 
the case of diamine as described above. The second one is the properties induced by the 
breakage of the junction symmetry. 
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4.2 Introduction 
Single-molecule junctions (MJs) constitute elementary units in molecular 
electronics, and understanding their electrical transport properties continues to be a 
leading issue in molecular electronics [72]. The transport properties of molecular 
junctions are related to many factors such as molecular length, contact binding 
properties, and electronic level alignment between molecules and electrodes [34,101]. 
The concerted development of techniques like mechanically controlled break junctions 
(MCBJs) [10], scanning tunneling microscopy break junctions (STM-BJs) [11], 
conductive probe atomic force microscopy (CP-AFM) [12] and the I(s) technique based 
on STM [13] has given much impetus to the field of molecular electronics. A plethora 
of studies have been performed to examine the specific role of electrode materials and 
anchoring groups of molecular wires [102]. To date, thiol has been the most widely 
studied anchoring group due to its strong covalent bond with gold contacts [51,88], 
although many other groups forming weaker chemisorption bonds such as pyridyl and 
amine have also been effective [11,104]. In our previous works [91,105], we 
investigated the possibility of using a graphene electrode to form hybrid 
metal−molecule−graphene junctions by the use of thiol anchoring groups [105]. We 
observed a reduction of the length attenuation factor of the tunneling current (the so-
called β-factor) of the molecular junction (by a factor of almost 2) with respect to 
standard gold−alkanedithiol−gold junctions [105]. In this case, there is a stronger 
electronic dipole at the S−Au interface than at the SH−graphene interface, which leads 
to an important shift of the HOMO level toward the Fermi level of the system. The 
lower attenuation can then be attributed among other effects to the strong molecular 
level alignment at the gold interface, which results in better conductance for hybrid 
molecular junctions above ∼1 nm molecular length, with respect to standard symmetric 
junctions with two gold contacts. This result offers promising perspectives for graphene 
contacts for molecular junctions.  
Here, we investigate further these hybrid junctions by considering a different 
anchoring group. So far, many anchoring groups have been studied for molecular 
junctions employing metallic electrodes like amine (−NH2) [106], carboxylic acid 
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(−COOH) [49], isocyanide (−NC) [107], dimethyl phosphine (−PMe2) [108], methyl 
sulfide (−SMe) [46], and selenol (−SeH) [109] groups. Comparisons between these 
different anchoring groups have also been made. In particular, Chen et al. studied the 
effect of thiol, amine, and carboxylic acid anchoring groups on single molecule 
conductance [44]. The contact resistance to gold of these anchoring groups varies in the 
order of thiolate (−SH), amine (−NH2), and carboxylate (−COOH), attributed to 
different electronic coupling efficiencies between the molecule and electrodes. It can 
also be noted that the bonding patterns of these three anchoring groups are different: 
thiolate forms a strong covalent bond with gold, while the binding for gold and amine-
terminated alkane is significantly weaker, and carboxylic acid groups are likely to 
deprotonate to the carboxylate in order to coordinate to gold electrodes. Also, the 
symmetry of the bonding orbitals at the interface and on the molecular backbone plays 
an important role in the conductance properties. For example, it has been shown 
recently that orbital symmetry mismatching can reduce drastically the molecular 
conductance or even filter the spin of the current through the junction [110-111]. 
Here we show in a combined experimental and theoretical study that the electronic 
conductance in a hybrid gold−graphene diaminealkane molecular junction presents a 
much smaller attenuation factor with respect to the standard gold−gold junction. The 
system has been investigated using an STM based I(s) technique and theoretical 
calculations based on density functional theory (DFT) and a Keldysh−Green formalism. 
These computations reveal that the symmetry breaking induced by the graphene 
electrode is responsible for the low attenuation. 
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4.3 Results and discussion 
 
Figure 37. (a) Schematic diagram of the STM-based I(s) technique. (b) Typical I(s) curves of bare 
graphene (gray), gold−1,2-ethanediamine−graphene junctions (red), gold−1,4-butanediamine−graphene 
junctions (green), and gold−1,6-hexanediamine−graphene junctions (blue). (c) 1D histogram of single-
molecule conductance of gold−ethanediamine−graphene hybrid junctions with a Gaussian fit. (d) 
Corresponding 2D histogram with a sensitivity indicator of the conductance counts. 
 
Typical conductance curves for 1,n-alkanediamine (n = 2, 4, 6) are shown in Figure 
37b. The gray curves indicate the fast exponential decay of conductance as a function 
of the distance between the tip and the graphene when no molecular junctions are 
formed. For the red (n = 2), green (n = 4), and blue (n = 6) curves, the conductances 
decrease in a stepwise fashion, providing evidence for molecular junction formation. 
For example, the conductance of gold−1,2-ethanediamine−graphene hybrid junctions 
is located at around 120−160 nS.  
In Figure 37c, a clear peak is observed in the 1D histogram for gold−1,2 
ethanediamine−graphene nonsymmetric junctions. Using a Gaussian fit of this peak, a 
conductance value of 137 nS is obtained. The corresponding 2D histogram shown in 
Figure 37d represents the data distribution of conductance values and the length of the 
molecular junction. A red region (high data point count) located at around 120−160 nS 
is clearly observed in the 2D histogram, which is consistent with the peak in Figure 37c 
and the plateaus shown in Figure 37b. 
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Figure 38. (a) Conductance histograms for gold−n-alkanediamine−graphene nonsymmetric junctions in 
which n = 2 (red), 4 (green), 6 (blue), 8 (yellow), and 10 (magenta). (b) Natural logarithmic plot of the 
conductance as a function of the number of CH2 groups. The green (black) lines represent the theoretical 
(experimental) decay values of gold−diamine-terminated alkanes−graphene junctions. The red line is the 
experimental gold−dithiol-terminated alkanes−graphene junction. The blue line with a higher decay 
constant stands for the gold−diamine-terminated alkanes−gold symmetric junction. 
 
To better illustrate the progression of conductance with molecular length, we 
plotted a stacked 1D histogram of 1,n-alkanediamine (n = 2, 4, 6, 8, 10) with the same 
conductance and counts scale (Figure 38a). For each conductance histogram, only one 
single peak dominates. Detailed 1D and 2D histograms of 1,n-alkanediamine (n= 4, 6, 
8, 10) are presented in the Appendix A2. The description of the experimental details 
including the preparation of the molecular solution (diamine-terminated 
alkanes−methanol, 1:20, v/v) and substrate can be also found in the Chapter 2.  
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Table 3. Conductance Values and Tunneling Decay Value (β Value) for Au−Molecule−Graphene 
Nonsymmetric Junctions and Au−Molecule−Au Symmetric Junctionsa 
molecular junctions conductance (nS) 
tunneling decay 
value (βn) 
 n=2 n=4 n=6 n=8 n=10  
gold-n-alkanediamine-graphene 137 65 42 15 7 0.37 
gold-n-alkanediamine-graphene (theory) 147 51 40 18 11 0.31 
gold-n-alkanediamine-gold (literature) 42 7.3 1.2 - - 0.88(LC)44 
gold-n-alkanedithiol-graphene 98 53 24 9 4 0.40 
gold-n-alkanedithiol-graphene (theory) 152 46 25 18 6 0.32 
gold-n-alkanedithiol-gold (literature) - - 28.2 3.9 0.2 1.08(LC)44,36 
 
As expected, the conductance values decrease with the molecular length for each 
series of molecules. Table 3 summarizes the experimental and theoretical conductance 
values as well as the decay constant of diamine-terminated compared to dithiol-
terminated alkane analogues for nonsymmetric gold−molecule−graphene junctions 
[105]. We also list the literature conductance values (lower conductance group) of 
gold−gold symmetric junctions for comparison. 
For short molecular junctions, the general conductance behavior is now well 
described as nonresonant tunneling. This regime predicts an exponential decrease of 
the conductance with the molecular length, while a weaker length dependence for 
longer molecular lengths [63] is generally attributed to hopping-type mechanisms. 
Hence, the conductance follows G = An exp(-βnN), where G is the conductance, A is 
related to the nature of molecule−electrode interaction, reflecting the contact resistance, 
βn is the decay constant, which describes the efficiency of electron transport through 
the molecules, and N is the number of methylene groups [97]. 
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Figure 39. (a) HOMOs for dithiol and diaminealkane chains. Isosurfaces of positive (negative) isovalues 
(the same for both molecules) are shown in red (blue). (b) DFT optimized model junctions used for the 
conductance calculations. (c) Calculated electronic transmissions T(E) of the molecular junctions for 
different lengths. (d) Comparison of the DOS of the n = 10 alkane chain in a gold−gold or a 
gold−graphene molecular junction. 
 
From the natural logarithmic plot of the conductance versus the number of (−CH2) 
units in Figure 38b, we found βn = 0.37 for diamine-terminated alkane chains. This 
value is very similar to the one obtained in our previous work on alkanedithiol chains 
[91] and again much smaller than the one obtained in the case of a symmetric gold−gold 
molecular junction [104]. To understand the mechanism at the origin of this strong 
attenuation factor reduction, we have performed DFT calculations to model the system. 
The same procedure as the one for alkanedithiol chains has been applied here. Figure 
39b represents the DFT-optimized molecular junction transmission curves. Using a 
Keldysh−Green formalism, we have calculated the electronic transmissions represented 
in Figure 39c. More details on the theoretical procedure can be found in ref 105. Here, 
the HOMO lies much closer to EF, implying that HOMO-mediated hole tunneling 
would be the predicted mechanism. However, this HOMO position is markedly 
different for the alkanediamine compared with our previous work on alkanedithiols. In 
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the alkanediamine case Figure 39b, the transmission shows that the HOMO level is 
much farther from the Fermi level, at −3.5 eV, than that in the alkanedithiol case, where 
it was located at −0.4 eV. Consequently, the use of a simple barrier tunneling model 
here, where βn = 2𝑑0√(2𝑚𝜙)/ћ., is not sufficient to explain the low attenuation of the 
molecular junction. Hence, the attenuation factor is not only determined by the interface 
properties but also by the electronic properties of the isolated molecule. In this respect, 
we present in Figure 39a the HOMO wave functions for the dithiol chain (top) 
compared to those of the diamine (bottom). 
 From Figure 39a, it is clear that the (doubly degenerate) HOMO orbitals present a 
strong dependence on the anchoring groups. However, while for the dithiol case the 
HOMO orbital is strongly localized on sulfur atoms, it spreads significantly into the 
backbone chain for the diamine case. This striking difference in HOMO spatial 
localizations stems from their different symmetries with respect to a mirror plane 
passing horizontally through the molecule. Namely, the HOMO is an odd (even) 
function for dithiol (diamine) chains (Figure 39a). Also, the lowest-decay states in a 
gap of alkane chains are the σ-like states of even symmetry [112] (originating mainly 
from carbon pz orbitals, z being the molecular axis). These states correspond to the 
evanescent wave functions through the gap of the “free” alkane chain (without 
anchoring groups or connection to an electrode, i.e., the molecular backbone) and 
support electronic transport through the molecular junction [112]. In an electronic 
transport process, the electrons are injected into those states through the HOMO or 
LUMO orbitals associated with the anchoring groups of the molecular junction. That 
would result in perfect symmetry matching between those states and the diamine 
HOMO orbital, leading to long penetration into the molecule. The odd HOMO orbital 
of the dithiol chain must be matched with odd evanescent states of the alkane chain, 
which have a much stronger decay rate in the gap region. Therefore, we can deduce that 
the conductance along the chain is much more favored in the case of the diamine 
molecule compared to that in the dithiol case. This feature has been illustrated 
theoretically in recent work on methyl sulfide-terminated alkane chains [113]. Notice 
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that similar reasoning can be performed on the same molecule connected to the gold 
and graphene electrodes. This feature is represented in Appendix A3, where we have 
considered the isoelectronic density of states (DOS) at the Fermi level. Indeed, the 
HOMO level strongly hybridized with the electrodes (in particular, at the 
gold−molecule interface) makes the symmetry interpretation more complicated. 
Moreover, due to this strong hybridization and the resulting induced DOS in the gap, 
the current has to be considered at the Fermi energy. The delocalization still remains 
more important for the diamine case (Appendix A3), as predicted by the symmetry 
analysis in the isolated molecule. 
 Additionally, molecular conductance is often attributed to the frontier orbitals in 
the molecule, which corresponds to the electronic states of the “free” alkane chain, or 
molecular backbone. However, we have noticed in our calculations that the frontier 
orbitals of the molecular backbone are not modified by the anchoring groups or the 
electrode nature. Therefore, we can state that the current attenuation is ruled by the 
HOMO level of the full molecular junction (combining molecular backbone and 
anchoring groups), strongly dependent on the anchoring groups and its delocalization 
through the molecule. This has been also demonstrated through molecular complex 
band structure calculations by Sankey et al. [114] where there is no difference observed 
with the anchoring groups. 
 From those symmetry arguments and because dithiol and diamine molecular 
junctions present the same attenuation factor when connected to two gold electrodes, 
we can expect an interplay between a higher tunneling barrier at the interface and better 
molecular conductance in the diamine case. However, a theoretical determination of the 
tunnel barrier in this molecular junction explaining formally the relationship between 
the attenuation factor, the interface barrier, and the conductivity in the molecular 
backbone is more complicated to establish and is beyond the scope of the present work. 
 Now we represent in Figure 39d a comparison between the DOS of diamine 
molecular junctions based on gold−gold or gold−graphene electrodes. The 
gold−alkanediamine−gold junction presents a HOMO level at around −5.5 eV from the 
gold Fermi level (EF), which is much farther from EF than values found in the literature 
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for the dithiol case under the same conditions (around −2 eV). Consequently, a similar 
attenuation factor obtained for the dithiol and diamine junctions in the gold−gold 
configuration is indeed explained by the interplay between an interface barrier related 
to the HOMO level (which is smaller in the dithiol case) and the conductivity along the 
molecular chain, which is related to HOMO level propagation along the molecule 
(which is larger in the diamine case). Considering the DOS of the gold−graphene 
junction in Figure 39d, we can observe that the HOMO peak appears much closer (by 
about 2 eV closer than that for Au−Au junctions) to the Fermi level, at about −3.5 eV, 
as indicated by a green arrow. This is a consequence of very asymmetric coupling of 
the molecule to two different electrodes. On the gold side, the bonding is covalent, 
whereas on the graphene side, the bonding is much weaker due to van der Waals 
interactions. This asymmetry is at the origin of a sharp HOMO resonance (spatially 
distributed around the graphene-side N atom) appearing for the gold−graphene diamine 
chain. This significant HOMO shift presents important consequences for the molecular 
junction conductance. The new tunnel barrier is reduced from −5.5 to −3.5 eV, which 
is similar to the reduction found previously for the dithiol case, from around −2 to −0.4 
eV [111]. Because the attenuation factor is the same between the two types of molecular 
junctions in the gold−gold case, a similar shift induced by asymmetric connection will 
result in a much smaller attenuation factor for both molecules in the gold−graphene 
geometry. 
Both experimental and theoretical results produce unexpected behavior of the 
alkanediamine junctions compared to alkanedithiol ones. Results in the literature 
[36,44,93] show higher conductance for alkanedithiol with respect to alkanediamine 
molecular junctions using gold electrodes, while we find here opposite behavior when 
one gold contact is substituted for a graphene one. Indeed, a systematically higher 
conductance for diamine chains is obtained. Moreover, the effective contact resistance 
can be estimated for both chains by extending the linear fits to zero methylene groups. 
This results in a contact resistance for the thiol compounds of 3900 kΩ, which is slightly 
higher than the one for diamine analogues (3700 kΩ). This small difference can be 
interpreted in terms of coupling to the electrode. These couplings are expected to be 
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modified because the gap between the gold Fermi level and the HOMO is reduced by 
about 2 eV in both cases as a result of the HOMO resonance shift, while there is no 
change in the LUMO level energy. These couplings vary as the inverse of the gap 
through self-energy calculations and are therefore increased by the gap reduction. 
Consequently, the conductance of the junction is strongly enhanced, which explains the 
slightly higher conductance of the gold−alkanediamine−graphene junction with respect 
to the gold−alkanedithiol−graphene junction where the gap remains unchanged with 
respect to the gold−gold case. 
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4.4 Conclusion 
In summary, we have studied the conductance of alkanediamine molecular 
junctions using an STM-based technique, with a gold electrode at one end of the 
junction and a graphene electrode at the other. We have obtained a similar attenuation 
factor to what was obtained previously in the case of alkanedithiol junctions due to the 
asymmetric coupling of the diaminealkane molecular chain between gold and graphene. 
The weak coupling at the graphene interface is responsible for a significant HOMO 
molecular level shift toward the Fermi energy. This shift reduces the tunneling barrier 
at the interface in the same way as that for the dithiol case, which provides justification 
for the similarity in the attenuation factors. A slightly higher conductance of the diamine 
hybrid junction with respect to the dithiol hybrid junction is also found. These 
experimental results are supported by theoretical computation and symmetry 
considerations for the molecular junctions. These findings lead us to expect a general 
reduction of the attenuation factor for hybrid gold−graphene molecular junctions with 
different anchoring groups, with respect to standard gold−gold junctions. This work 
highlights the attractive features of graphene contacts in molecular electronics, which 
might inspire their future deployment in new device prototypes. 
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5 Chapter 5: Effect of Measuring Techniques on Electrical 
Properties in Graphene Based Junctions: Comparative Study of STM 
BJ, STM based I(s) and CP-AFM BJ Techniques 
5.1 Preface 
In previous chapters, we have demonstrated the possibilities of constructing non-
metallic molecular junctions and the corresponding charge transport properties through 
gold-alkanedithiol/alkanediamine-graphene junctions by the I(s) technique. Here, we 
present an experimental study which focuses on comparing methods for capturing and 
measuring the electrical properties of single molecules in gold−graphene contact gaps. 
The results presented in this chapter were published and reproduced with permission 
from J. Phys. Chem. C 2018, 122, 23200–23207 (DOI: 10.1021/acs.jpcc.8b08196), 
with the title ‘Technical Effects of Molecule−Electrode Contacts in Graphene-Based 
Molecular Junctions’. Copyright 2018, American Chemical Society. This study was 
designed by Richard J. Nichols, Li Yang and Cezhou Zhao. I carried out the main 
experimental work on the application of CP-AFM BJ method, conductance 
measurement and data analysis plus writing the first draft of the manuscript. The 
manuscript was then corrected by Yannick J. Dappe, Richard J. Nichols, and Li Yang. 
The rest of authors conducted some other supporting works, for example, the data 
analysis, discussion and double check the experimental results. 
We have attempted to measure the single-molecule conductance of a series of 1,n-
alkanedithiols (n = 4, 6, 8) tethered between a gold and a graphene contact with three 
different methods. The conducting probe atomic force microscopy break junction (CP-
AFM BJ), scanning tunneling microscopy (STM) break junction (STM BJ), and STM-
based I(s) techniques for forming molecular junctions with graphene lower contacts 
were compared. In each case, the upper contact was gold, with a gold-coated AFM 
probe in the CP-AFM BJ method and a gold STM tip for both the STM BJ and I(s) 
techniques. Both the CP-AFM BJ and the STM-based I(s) methods yielded similar 
values for the conductance decay constant values, with βN = 0.56 and 0.40, respectively. 
In line with previous observations, these are much smaller than values recorded for the 
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same alkanedithiol series in symmetric gold−molecule−gold junctions, where we find 
that βN = 1.1. This clearly shows the impact of substituting one of the gold contacts for 
a graphene one. This observation has been previously rationalized as resulting from the 
breaking of the junction symmetry, the change in electrode−molecule coupling and 
energy level alignment. On the other hand, stable molecular junctions could not be 
formed using the STM BJ technique with graphene contacts, which may be because of 
transient instability in the gold tip contact after it has been pushed hard onto the 
graphene surface. 
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5.2 Introduction 
Investigating the nature of charge transport through molecules tethered between 
pairs of electrode contacts is one of the most active areas of contemporary molecular 
electronics [115]. A range of factors can influence the electrical characteristics of such 
molecular junctions, including the intrinsic properties of molecules and electrode 
materials, the external environment, the molecule−electrode binding, or molecular 
orbital alignment in relation to the Fermi levels of the electrodes [116]. To date, the 
most widely used techniques for probing the electrical properties of molecular junctions 
include mechanically controlled break junctions [10], scanning tunneling microscopy 
based break junctions (STM BJ), the I(s) technique [11,13] and conducting probe 
atomic force microscopy (CP-AFM) [12,26]. Originally introduced by Xu and Tao in 
2003 [11], the STM break junction (BJ) method creates in situ a metallic gold-to-gold 
junction between the gold STM tip and the gold substrate in the presence of a solution 
of the target molecule or an adsorbed layer on the gold substrate. Upon withdrawal of 
the STM tip, the metallic junction is cleaved, leaving a gap into which the molecular 
target can adsorb and form a gold−molecule−gold junction. During the process of tip 
withdrawal, a conductance step near the so-called quantum conductance (Go) is 
observed as the metallic contact is cleaved. This is followed on further tip retraction by 
a smaller conductance step as the molecular junction is subsequently broken. The tip is 
repeatedly cycled into and out of the contact with the gold substrate, and conductance 
histograms are recorded from many junction formation and breaking cycles to reveal 
peaks corresponding to the junction conductance.  
Similar to the STM BJ method, the I(s) technique [13] also employs an STM tip to 
form the molecular junctions which are also extended until they cleave. A similar 
procedure of repeatedly forming and breaking junctions is also followed, and the 
molecular conductance is also determined by statistical analysis and histogram 
construction from a large number of such traces. The key difference between the STM 
BJ and I(s) methods lies in the fact that for the latter technique, the tip is brought very 
close to the substrate surface, but direct metallic contact is avoided. As such, the I(s) 
technique has been referred to as a “noncontact method”. It is also worth mentioning 
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here the STM “Touch-to-Contact” method, in which the STM tip is positioned just in 
contact with the top of the molecular monolayer film. As described by Martin et al., the 
separation between the STM tip and the substrate is determined through a calibration 
procedure which relates the STM set-point parameters to an absolute tip-substrate 
separation [29]. The STM “Touch-to-Contact” avoids both incursion of the tip into the 
molecular monolayer film or a gap between the top of the monolayer and the STM tip. 
CP-AFM can also be used to determine the electrical characteristics of 
metal|molecule|metal junctions. Typically, the CP-AFM technique uses a conducting 
AFM probe to contact with a self-assembled molecular monolayer (SAM) on a metal 
substrate [26]. The AFM feedback loop controls the force loaded onto the surface, while 
the current−voltage (I−V) relationship of the molecular layer sandwiched between the 
tip and surface is recorded. This is not a single-molecule determination because the area 
probed depends on the tip geometry, contacting force, and deformation properties of 
the monolayer, but typical conditions for SAMs may result in tens or hundreds of 
molecules being contacted [26]. CP-AFM may also be used to probe single-molecule 
junctions by using the technique developed by Cui and Lindsay [12,30], in which gold 
nanoparticles are adsorbed on-top of SAMs of monothiols containing a small 
concentration of dithiols, which electrically wire the nanoparticle to the surface. 
Touching the top of such gold nanoparticles with the CP-AFM tip then enables I−V 
characteristics of the molecular junction to be recorded [30]. Another way to form 
single molecule junctions by CP-AFM is the CP-AFM break junction (CP-AFM BJ) 
approach. In this method, the conducting AFM tip is brought into contact with the 
surface covered by the molecular target. The AFM tip is then rapidly retracted while 
monitoring the current and force signals [117-118]. As for the STM BJ and I(s) 
methods, during such formation and retraction cycles, molecular junctions can be 
formed and cleaved and traces analyzed to extract single molecule data following a 
similar statistical analysis. 
The techniques mentioned above share the basic concept of being able to capture 
single or small groups of molecules and recording electrical signals as the molecular 
junctions are stretched and broken. These techniques have been used to study many 
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fundamental aspects of single-molecule junctions, and they have given new impetus to 
the field of molecular electronics. However, despite sharing the same basic concepts, 
there is an ongoing debate on the comparability between these techniques in terms of 
single-molecule conductance determination. Apparent discrepancies between 
conductance values have been reported between different laboratories using these 
different techniques. For example, in early studies, the conductance of octanedithiol 
was measured to be 20 nS using the STM BJ technique by Xu et al. [11], whereas Haiss 
et al. obtained a value of 1 nS by the analogous STM technique [119]. This was later 
rationalized as arising from different ways in which these alkanedithiols can bind to the 
gold contacts through the thiol end groups, with the differing techniques favouring 
different anchoring configurations [28,52,120,121]. Indeed, measurements on surfaces 
of different roughness values showed different prominent conductance values [120]. 
Measurements with the STM BJ technique tend to form “rougher” contacts because of 
the gold contact breaking, while the I(s) technique can be applied to flat surface areas 
if desired. In this respect, these techniques can be seen as complementary, and the 
application of both to the same molecular system could be expected to broaden the view 
of the molecular junction properties and the spread of favoured junction conductance 
values. CP-AFM, on the other hand, conveys the advantage of being able to record the 
force and current signals simultaneously offering the possibility to correlate electrical 
and mechanical properties of junctions [116,122]. However, a potential disadvantage 
can arise with the use of AFM tips with higher radii of curvature, where there could be 
ambiguity about forming truly single-molecule junctions when CP-AFM is used to 
form break junctions. In any case, measurements of molecular conductance with several 
different techniques should be seen as advantageous [122]. 
Metallic materials have been widely used as the electrodes to construct molecular 
junctions, where desired characteristics are outstanding stability, conductivity, and 
fabricability [19]. There is indeed a plethora of investigations of molecular junctions 
using metals (Au, Ag, Pt, Al, and Cu) as the electrodes [48,123]. However, there is an 
increasing interest in deploying carbon based electrodes to fabricate metal-free 
molecular junctions [124]. Among carbon-based materials, graphene is a promising 
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material with remarkable electrical and structural properties. On account of its high 
structural stability, charge carrier mobility, high thermal conductivity, and optical 
transmittance, graphene is considered to have many potential applications in electronics 
devices [78]. To date, systematic comparative investigations of graphene/molecule 
junctions formed by a variety of single-molecule junction techniques have not been 
performed. 
In light of the discussion above, we systematically investigate the molecular 
conductance with a bottom graphene contact by comparing results from the STM BJ, 
STM I(s), and CP-AFM BJ techniques. As a first step, the conductance of 1,8- 
octanedithiol in gold−gold junctions was measured by the STM BJ, I(s), and CP-AFM 
BJ techniques to provide control experiments and to evaluate the stability of our 
experimental setup. These data for Au−alkanedithiol−Au junctions correspond well 
with the literature. Following this, the setups were applied to gold−graphene 
asymmetric junctions. The length dependence of conductance for Au/alkanedithiols/ 
graphene junctions has been determined and decay constants (attenuation factors) 
compared. When compared to standard gold−gold junctions, a lower attenuation factor 
is observed for the gold−graphene counterparts when applying both the STM based I(s) 
and CP-AFM methods. On the other hand, stable molecular junctions using graphene 
bottom contacts could not be formed with the STM BJ method and reasons for this are 
suggested. 
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5.3 Results and discussion 
 
Figure 40. (a) Schematic diagram of the CP-AFM BJ technique. (b) Tip movement of the AFM tip and 
molecular junctions formed during the process. The AFM probe was first brought close to the substrate 
(1−3) and then withdrawn to its initial distance (4−6) after the contact is established. (c) Typical 
current−distance curves of the bare substrate (black, without molecular junctions formed) and molecular 
junctions formed (blue). (d) Typical force−distance curves representing the force loaded on the surface. 
The arrow and numbers (1−6) correspond to the tip movements in (b). The curves were sketched based 
on the data from gold−1,8-octanedithiol−gold junctions for better illustration. 
 
We first determined the conductance of gold−1,8-octanedithiol−gold molecular 
junctions using the three techniques described in the introduction. The detailed setup 
for STM based techniques can be either found in our previous studies or other literature 
[105,125,126]. A description of the CP-AFM BJ method with the concurrent collection 
of currents and forces is given in the following text. Instead of using a fixed tip-sample 
distance while collecting the I−V data, in the CP-AFM BJ technique, the current and 
tip-sample distance is recorded at a fixed bias voltage as the AFM tip-cantilever 
assembly is rapidly retracted from the surface. Figure 40a shows a schematic diagram 
of the CP-AFM BJ method. The AFM force feedback circuit is used to control the force 
applied to the sample, whereas an extra electrical circuit is used to collect the current 
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signal. Similar to the STM BJ method, the conductive AFM probe was initially set at a 
given distance and then brought close to the substrate surface until contact is established 
(positions 1−3 in Figure 40b). During the approach process, a jump to the contact force 
is observed (2) followed by a corresponding deflection of the cantilever as it is moved 
to the set-point force (3). The AFM probe was then withdrawn to its initial distance by 
adjusting the piezo scanner of the AFM (positions 4−6 in Figure 40b), and a jump from 
the contact is observed at position 5 during the process. The molecular targets can span 
the narrow gap through the stochastic formation of molecular junctions, both during the 
approach and retraction processes (position 1−2 and 5−6). In such a circumstance, a 
plateau feature is observed during retraction, signifying the formation of a molecular 
junction (blue curves in Figure 40c). For situations where no molecular junctions are 
formed, a fast decay of the current is observed as a function of the distance (black curve 
in Figure 40c). It is noted that the “distance” here is not the real length of the molecular 
junction, but the extension or retraction of the piezo scanner. Figure 40d shows a 
sketched illustrative force−distance curve which shows the loading of the force on the 
surface, and the subsequent cleavage of junction as the piezo scanner is extended. This 
curve contains information about the force applied to the AFM probe and the adhesion 
force. In the case of molecular monolayers, it would be expected that a higher force 
loaded on the surface would produce a greater deformation of the monolayer and 
possibly a greater contacting footprint, both of which may be likely to give a higher 
junction conductivity. Excessive force may result in structural damage to the probe 
apex, SAMs, and the bottom electrode; therefore, careful control and monitoring of the 
force curve is desirable. It is important to note, however, that the CP-AFM BJ 
experiments are different to the conventional CP-AFM experiments on molecular 
monolayers because in the former case, the force is unloaded as conductance is 
measured while the tip/cantilever assembly is being retracted. Nevertheless, the 
adhesion force might be important for such determinations [127]. The molecular 
junction is broken as the AFM probe snaps back from the surface. Forces are negative 
(“attractive”), and in general, the magnitude of such forces is about 10 nN according to 
the literature [26,127]. Another possible source of adhesion is the capacitive force 
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which might be expected to scale with the magnitude of the applied voltage. In most of 
the situations, this is relatively minor, for example, around 1 nN at a voltage of 1 V 
[116]. 
In our experiment, the movement (deflection) of the probe is achieved by applying 
the bias voltage to the piezo scanner, and an additional conversion of the voltage to the 
force signal is required to plot the force versus distance curve. In the simplest situation 
in the contact regime, the spring constant formula, F = kx, can be applied where F is 
the force applied to the surface, k is the spring constant of the gold probe, and x is the 
deflection of the gold probe (see Chapter 2 for detailed explanations). We applied the 
minimum force (lowest deflection of the probe) to the surface where the current signal 
is stable. Such contacting force can be varied (from 20 to 300 nN) during the process 
which is highly dependent on the topographical situation of the sample and the SAMs 
of the molecules.  
 
 
Figure 41. Conductance histograms for gold−1,8-octanedithiol−gold junctions constructed by (a) STM 
BJ, (b) STM-based I(s), and (c) CP-AFM BJ techniques. 
 
Generally, over 10 000 current−distance raw curves were collected with the preset 
bias voltage and set-point current followed by data analysis, either manually or 
automatically. The plateau featuring curves were then used to plot the 1D conductance 
histogram representing the most probable conductance value of the junction. Figure 41 
shows the 1D conductance histograms of gold−1,8-octanedithiol−gold molecular 
junctions recorded by STM BJ, STM-based I(s), and CP-AFM BJ techniques. Two 
dominant peaks located at 3.5 and 77 400 nS are observed in Figure 41a, demarking the 
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most probable conductance value of the molecular junction and gold−gold quantum 
contact conductance Go (Go = 2e
2/h), respectively. Owing to the limitation of the 
detector dynamic range, only the conductance peaks located at 3.7 and 2.3 nS are 
observed in Figure 41b and 41c, respectively. The conductance values of the three 
techniques are in good agreement with previous studies [36,44], indicating the 
reliability and stability of our setup. The conductance value obtained from CP-AFM BJ 
is slightly lower than from STM-based techniques. This may be because of differences 
in how the contacts are formed and how gold atoms rearrange during the contacting 
process, resulting in different distributions of favored contacting configurations [30]. 
During the early stages of single-molecule conductance measurement, there were some 
apparent discrepancies in the literature, with reports of different conductance values for 
gold−octanedithiol−gold molecular junctions created by different methods 
[28,52,120,121]. In an early report, Chen et al. distinguished two sets of peaks, which 
were designated as high conductance and low conductance (LC) values [44]. As 
discussed in a review, and references therein, the different conductance groups could 
be related to different molecule contact morphologies and the roughness of electrode 
contacts [28,128]. Different conductance groups could be attributed to different 
possible molecule−electrode configurations; for example, with the sulfur atoms 
coordinated to either single gold atoms, bonding to multiple surface atoms or in higher 
coordination defects sites such as at gold steps [28]. 
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Figure 42. (a) Conductance histograms for gold−n-alkanedithiol−graphene junctions (n = 6, 8, and 10). 
(b) Natural logarithmic plot of the conductance with the number of methylene groups measured by 
different techniques: red line measured by the STM-based I(s) technique, blue line measured by the CP-
AFM BJ method, and black line measured by the STM BJ technique. 
 
The bottom gold electrode is now replaced by the graphene substrate, while using 
the same setup as described in the foregoing text for gold−1,8-octanedithiol−gold single 
molecule junctions. The aim here is to investigate the impact for substituting gold for a 
graphene contact and whether the junction formation method plays a role. Figure 42a 
shows 1D histograms of gold−n-alkanedithiol−graphene junctions (n = 6, 8, and 10) 
with the same conductance and count scale. In each conductance histogram, only one 
pronounced peak is observed, indicating the most probable conductance of the junction. 
It is clear that the conductance values decrease as a function of the molecular length. In 
principle, a number of approaches might be used to describe the length dependence of 
the junction conductance [129], for example, coherent resonant tunneling, coherent 
nonresonant tunneling, or diffusive transport. Here, the transport behavior is typically 
in the nonresonant tunneling regime, where the conductance scales exponentially with 
the separation of the electrodes and consequently with the molecular length [26]. 
Despite its known limitations, it is common to use a simplified Simmons model to 
express the conductance as G = A exp(−βNN), where βN is the decay constant, βn = 
2√2𝑚𝜙/ћ2  [23,97,130], and the prefactor A is related to the effective contact 
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resistance which is commonly linked to the nature of the molecule−electrode 
interaction. To experimentally obtain the decay constant of the junction, the natural 
logarithm of the conductance is plotted against the molecular length. Then, the 
tunneling decay constant, or the attenuation factor βN, is given by the slope of the linear 
fit, and the contact resistance is determined by the intercept at the zero junction length 
[69]. Figure 42b shows the natural logarithmic plot of conductance with the number of 
methylene groups. The blue and red lines represent the decay constant (βN = 0.56 and 
0.40) of gold−alkanedithiol−graphene junctions measured by the CP-AFM BJ 
technique and the STM-based I(s) technique, respectively. The black line represents the 
decay constant (βN = 1.1) of gold−alkanedithiol−gold junctions measured by the STM 
BJ method from the literature [36,44]. 
We are not able to measure the conductance of 1,8-octanedithiol with graphene 
bottom contacts by the STM BJ method using the same experimental setup as shown in 
Figure 41a. The physical mechanism of forming defined, stable, and reproducible 
metallic contacts by the STM BJ method has been well studied by Sabater et al. both 
experimentally and theoretically [131]. They suggested that a clear conductance trace 
can be obtained when the tip indentation depth is greater than the value which 
corresponds to a conductance of 5Go. This gives a minimum cross section 
corresponding to 15 atoms for the case of gold. During the contact cycles, a number of 
gold atoms are exchanged between the two sides of the gold electrode with respect to 
its original configuration, and this tends to reach a constant number after 7−8 cycles. 
Stable tips are formed after 10 cycles with a pyramidal shape evolving with (111) faces 
which complies with energetic considerations. Here, in the case of graphene as the 
bottom electrode, such atom exchange phenomena between the upper and lower contact 
are clearly not possible. Because in the STM BJ method the STM tip is pushed into the 
substrate, it could be easily compressed or damaged upon hard physical contact with 
the graphene surface. Therefore, the failure of the STM BJ method to capture a stable 
current signal with graphene bottom contacts might be explained by the excessive force 
loaded on the sample. It seems that the noncontact STM I(s) technique or CP-AFM 
method with in situ force monitoring is more suitable for few layers of graphene 
substrates or other two-dimensional (2D) thin-film materials. 
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Table 4. Conductance Values, Decay Constant, and Contact Resistance for Gold−n-
Alkanedithiol−Graphene and Gold−n-Alkanedithiol−Gold Junctions (n = 6, 8, 10), with Literature 
Values Included in the Latter Case a 
Molecular junction Techniques Conductance (nS) Decay 
constant (βN) 
Contact 
resistance (kΩ) 
n = 6 n = 8 n = 10 
gold-n-alkanedithiol-
graphene 
CP-AFM break junction 
(contact mode) 
15.6 7.2 1.7 0.56 ~ 2100 
gold-n-alkanedithiol-
graphene 
STM based I(s)     
(non-contact mode) 
24.0 9.0 4.0 0.4091 ~ 3900 
gold-n-alkanedithiol-
gold 
STM break junction 
(contact mode) 
28.2 3.9 0.2 1.08(LC)36,44 ~ 27 
a The conductance values involved correspond to the center value of the Gaussian fit from the dominant 
peak in the conductance histogram. 
 
Table 4 summarizes the experimental values and the decay constants of 
nonsymmetric gold−n-alkanedithiol−graphene measured by the CP-AFM BJ and STM-
based I(s) techniques. The conductance values (LC values in ref 44 and values in ref 
36) of gold−gold symmetric junctions are also listed for comparison. The conductance 
values obtained with the CP-AFM BJ method for graphene bottom contacts are slightly 
lower than the ones reported in our previous work [105] using the STM-based I(s) 
technique, which may be related to different ways in which the junctions are created. 
Both CP-AFM BJ and I(s) techniques show similarly low decay constant (βN) values 
for gold−alkanedithiol−graphene junctions when compared to the much higher βN 
values for symmetric gold−gold molecular junctions. Our previous experimental and 
theoretical studies have suggested that the low decay constant is ascribed to the 
breaking of the junction symmetry [105,125]. Here, in the present case of nonsymmetric 
gold−n-alkanedithiol−graphene junctions constructed by the CP-AFM BJ method, we 
observe the same behavior. It is well known that thiolate can form a strong covalent 
bond with gold, whereas the interaction of the thiol with graphene is mainly related to 
the van der Waals (vdW) interaction [98]. The contact resistance is given by 
extrapolating the chain length to zero in Figure 42b, and the resistance values are found 
to be ∼3900 and ∼2700 kΩ for graphene nonsymmetric junctions formed by STM I(s) 
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and AFM based techniques, respectively. These values can be compared to much lower 
resistance (∼27 kΩ) for Au−alkanedithiol−Au symmetrical junctions. This can be 
explained by coupling at the graphene−molecule interface which is quite weak and 
primarily dominated by vdW coupling. The influence of electrode materials on contact 
resistance in the low-voltage regime has been investigated by the Frisbie group [132]. 
It was reported in that case that for metallic electrodes, the contact resistance decreases 
substantially with the increasing electrode work function. The work function of the 
single-layer graphene is around 4.5 eV [133], which is lower than that of gold at 5.3 eV 
[134]; therefore, this is also consistent with a higher contact resistance for 
Au(tip)/Graphene(substrate) compared to the Au(tip)/Au(substrate) system. Because of 
the high asymmetry of the junctions, the thiol−graphene dipole does not compensate 
the thiolate−gold dipole, and a significant highest occupied molecular orbital (HOMO) 
level shift toward the Fermi level is then observed [105]. This explains why we obtained 
low decay constant values in both techniques with graphene bottom contacts and 
reveals that the change of decay values is mainly dependent on the electrode itself and 
not on the measurement method. 
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5.4 Conclusion 
In summary, we have used the CP-AFM BJ method to study the effects of 
molecule−electrode contacts in single-molecular junctions. The typical 
gold−octanedithiol−gold molecular junctions fabricated by STM BJ, STM-based I(s), 
and CP-AFM BJ techniques were first examined to verify the stability of the 
experimental setup, and the determined conductance values agree well with the 
literature. This setup was then used to investigate the differences which transpire when 
the bottom electrode contact is changed from a gold to graphene substrate to form 
gold−n-alkanedithiol−graphene molecular junctions. Both the STM-based I(s) and CP-
AFM BJ techniques showed a similar behavior; namely, the conductance decays 
exponentially as a function of the molecular length with βN of 0.40 and 0.56 for 
gold−graphene asymmetric junctions. This is significantly lower than the 
corresponding symmetric Au−alkanedithiol−Au junctions (βN = 1.1) previously 
reported in the literature. This behavior leads us to suggest that the change of decay 
values is mainly related to the electrodes themselves and not greatly influenced by the 
measurement method. Both CP-AFM BJ and I(s) show contact resistance values on the 
molecule−graphene side that are much higher than that on the molecule−gold side. The 
resulting unbalanced interactions at these two different sides of the molecular junction 
result in noncompensation between thiol−graphene and thiolate−gold dipoles. This 
consequently leads to a significant HOMO level shift toward the Fermi level, as we 
have theoretically described in chapter 3 and 4. A slightly lower conductance value 
measured by the CP-AFM BJ with respect to the STM based I(s) technique is also 
observed, which may be because of differences in the junction formation method and 
in the resulting distribution of molecule−electrode contacts. On the other hand, the STM 
BJ technique does not lead to the formation of stable molecular junctions with graphene 
bottom contacts. The STM BJ technique requires that a hard physical contact be made 
between the tip and the substrate, which differs from the STM-based I(s) technique, 
which is a noncontact method. There could be many reasons behind this inability of the 
STM BJ technique to form stable molecular junctions with a graphene bottom contact. 
The STM BJ technique relies on the formation of gold atomic point contacts which, 
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after cleavage, form an open Au−Au electrode gap to which molecules can be bound. 
The pressing of the gold tip onto the graphene substrate will clearly deform the soft 
gold apex but may also produce (transient) substrate deformation. A possible reason for 
the STM BJ technique being ineffective here could be that there is a high transient 
instability in the gold tip contact after it has been pushed onto the graphene surface and 
then withdrawn. This highlights that the method for single-molecule junction formation 
to be selected depends on the specific system, notably the respective contact materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                CHAPTER 6. PREFACE 
Pg. | 93  
 
 
6 Chapter 6: Unsupervised Data Analysis Approach in Single 
Molecule Junctions Based on the MATLAB Algorithm 
6.1 Preface 
We have investigated the charge transport properties in graphene based junctions 
by STM BJ, STM based I(s) and CP-AFM BJ techniques. For all of these 
measurements, even the most reliable contact anchoring groups lead to a generally large 
variability in any given conductance determination, it is thus necessary to repeatedly 
record many traces and then statistically represent this data by plotting conductance 
histograms. In chapter 6, we demonstrate a fast and straightforward analysis approach 
of conductance traces based on an automatic MATLAB algorithm. The results 
presented in this chapter were published and reproduced with permission from 
Nanotechnology, 2018, 29, 325701 (DOI: 10.1088/1361-6528/aac45a), with the title 
‘Fast and straightforward analysis approach of charge transport data in single molecule 
junctions’ Copyright 2018, IOPscience. This study was designed by Richard J. Nichols, 
Li Yang, Cezhou Zhao and myself. I carried out the algorithm design, program coding, 
and the experimental works plus writing the first draft of the manuscript. Chenguang 
liu also conducted the algorithm design and program coding with the integration of 
different functions of the code. The manuscript was then corrected by Yannick J. 
Dappe, Richard J. Nichols, and Li Yang. The rest of authors conducted some other 
supporting works, for example, the data analysis, discussion and double check the 
experimental results. 
In this study, we introduce an efficient data sorting algorithm, including filters for 
noisy signals, conductance mapping for analyzing the most dominant conductance 
group and sub-population groups. The capacity of our data analysis process has also 
been corroborated on real experimental data sets of Au-1,6-hexanedithiol-Au and Au-
1,8-octanedithiol-Au molecular junctions. The fully automated and unsupervised 
program requires less than one minute on a standard PC to sort the data and generate 
histograms. The resulting one-dimensional and two-dimensional log histograms give 
conductance values in good agreement with previous studies. Our algorithm is a 
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straightforward, fast and user-friendly tool for single molecule charge transport data 
analysis. We also analyze the data in a form of a conductance map which can offer 
evidence for diversity in molecular conductance. The code for automatic data analysis 
is openly available, well-documented and ready to use, thereby offering a useful new 
tool for single molecule electronics. 
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6.2 Introduction 
It is now possible to reliably measure the conductance of single molecules trapped 
between metallic electrodes. Important experimental factors here include achieving 
reliable and robust electronic and chemical coupling between the molecular bridge 
targets and the contacting electrodes [7,11,72]. Techniques capable of trapping single 
molecules between electrode contacts include the use of scanning tunnelling 
microscopy (STM) [13,44,104], conducting atomic force microscopy [12], 
mechanically formed break junctions (BJs) [10] or nano-lithographically created gaps 
[135]. However, for all of these techniques, even the most reliable contact anchoring 
groups lead to a generally large variability in any given conductance determination [14]. 
This can be due to a number of factors including variable surface binding geometry 
between the molecule and contact, noise, environmental and contact fluctuations, 
multiple and interacting molecules in the gap and the stochastic nature of the junction 
formation and breaking processes [136]. It is then necessary to repeatedly record many 
traces and then statistically represent this data recorded for the making and breaking of 
many molecular junctions. In the simplest case, a single peak in a 1D conductance 
histogram resulting from plateau featured traces is usually taken to represent molecule 
junction formation and the most probable conductance value [137-138]. Such a 
statistical analysis has been underpinning for achieving reliable electrical data for single 
molecule junctions.  
There are then two broad approaches which can be applied to statistically analyze 
the data, each of which has its advantages and disadvantages. The first approach is to 
simply use all traces in the conductance histogram analysis. This has the advantage that 
there is no data preselection, however the analysis may include a lot of traces where 
either no or poorly contacted molecular junctions are formed. It may also be not 
possible to recognize molecular junction data if the probability of junction formation is 
low. The second approach is to try to select events where clear molecular junctions form 
from those where they do not. The advantage here is that data that is not relevant to 
molecular junction forming events is removed from the analysis, while molecular data 
is retained. The disadvantage here is that a preselection of data could introduce 
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conscious or unconscious bias and affect the scientific interpretation of the determined 
conductance values [36]. It is of benefit to the single molecular electronics community 
to have a range of different analysis approaches available, including both the analysis 
of unselected data, as well as algorithmic approaches which attempt to recognize 
molecular junction forming events. The aim of the present study is to provide a new 
and well-documented approach to the latter. 
Early work used hand-selected data through the recognition of plateau containing 
traces as an indicator of good molecular junction formation, although it is recognized 
here that care has to be taken to avoid conscious or unconscious bias. On the other hand, 
a few algorithmic approaches to data selection have been presented in the literature. 
Jang et al. have introduced a last-step analysis method for determining single molecule 
conductance, in which traces are selected which are believed to arise from molecular 
junction formation [36]. In this method, only curves featuring a very rapid conductance 
drop in the last step are selected. Gonzalez et al. presented an alternative method to 
extract the electrical conductance curves from a set of measured conductance traces 
[37]. Instead of selecting the plateau-containing curves, they consider all the traces and 
only remove background curves that feature a normal exponential decay of current 
synonymous with tunneling through an empty gap. Halbritter et al. introduced a two-
dimensional (2D) correlation analysis of conductance traces to study the contact 
evolution in metal nano-junctions [139]. However automatic selection and analysis 
tools are also desirable for high throughout data analysis. 
More recently an algorithmic method has been used for data sorting by Albrecht 
group [38-39]. Firstly, for each exported current-distance trace the current signal is 
divided into many bins with a selected bin width (BW). Each bin will have a value for 
the number of plateaus-determining bin counts. With a sorting algorithm which 
recognizes plateau containing traces from the bin counts, the traces containing plateau 
(molecular) features can be separated from both exponential traces and those primarily 
related to experimental noise [38]. Inspired by the widespread application of vector 
based classification method in genetics, robotics and neuroscience [40-41], they also 
developed an unsupervised vector-based classification of I(s) traces which 
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demonstrates how differently shaped I(s) curves can be separated and grouped into 
clusters. Different event shapes are separated by this approach which essentially relies 
on a pattern analysis using several variables extracted for each current versus distance 
trace [39]. 
The methods described above are based on the ideas of how to select plateau 
featured curves or how to group the I(s) traces into clusters of traces showing 
similarities. In typical experimental sets, instabilities in the molecular junction 
formation process, stochastic fluctuations in the microscopic details of the metal 
contacts or contamination of electrodes may all produce ‘noisy’ traces which lead to the 
inclusion of traces in a data set which are not representative of proper molecular 
junction formation and consequently present difficulties in the subsequent data analysis. 
It is hence desirable to therefore effectively remove traces which do not show molecular 
junction formation.  
Instead of such a targeted selection of plateau featured curves, we propose here a 
different approach to data analysis, which does not select plateau featured traces, but 
removes undesired curves with clearly bad decay features as well as noisy traces, while 
keeping plateau-containing traces which are generally indicative of molecule junction 
formation. We demonstrate this method’s ability to treat actual experimental data 
obtained from the well-studied gold-octanedithiol-gold and gold-hexanedithiol-gold 
molecular junction systems [52-53]. The originality of this work lies in offering a new 
and straightforward scheme for automatic data analysis with good performance (the 
data processing time is less than one minute). The present approach can also offer 
evidence for diversity in molecular conductance. 
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6.3 Results and discussion 
6.3.1 Data collection 
 
Figure 43. Schematic diagram of the I(s) technique. (a) The initial stage of the molecular junction. (b) 
The gold tip is brought close to the gold substrate, the black curve represents the sharp decay of the 
current. (c) Formation of the Au-octanedithiol-Au molecular junction, the blue curve represents the 
plateau signal. (d) Breaking of the molecular junctions, with the green curve showing the rapid drop of 
the current. 
 
The experiments were performed using the I(s) technique, implemented according 
to the methodology described by Haiss et al. [119] with necessary modification to our 
Bruker STM instrumentation. For the I(s) measurements the gold STM tip was initially 
set at a given distance and then the tip was approached close to the substrate surface by 
adjusting the set-point current to high values. Current distance traces were then 
recorded by rapidly withdrawing the tip back to 4 nm at a rate of 7.66 nm s−1. In the 
absence of molecular junction formation, an exponential decay of the current is 
observed. However, upon close approach of the STM tip to the substrate molecules can 
also bridge the short gap through the stochastic formation of junctions. In such 
circumstance a plateau in the current-distance traces is typically observed, which is 
synonymous with the formation of a molecular junction (blue curve in figure 43(c)). 
With further stretching of such molecular junctions the molecule becomes disconnected 
from the gold STM tip and a rapid drop of the current signal is then seen as a step at the 
end of the plateau (green curve in figure 43(d)). 
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Figure 44. Typical I(s) traces experimentally obtained (black, without molecular junction formation; blue, 
ideal plateau-featuring curves; green, plateau-featuring curves with noisy peaks; red, very noisy curves). 
 
Over 10 000 current-distance curves were collected during this process with a 
preset bias voltage of 0.3 V and setpoint current of 10 nA. The I(s) traces can present 
highly diverse characteristics, such as pure decay (figure 44, black), ideal plateau-
featuring curves (figure 44, blue), plateaus with noise spikes (figure 44, green) and 
highly noisy curves (figure 44, red). The preferred traces, taken as characteristic of 
stable molecular junction formation, are those featuring with the plateaus (blue), which 
signify defined formation of molecular junctions followed by their breaking. The aim 
here is then to sort the data to eliminate curves with abnormal shape or signs of 
excessive instability or noise. 
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Figure 45. Flowchart of two main data analysis pathways. One is the conventional method of plotting 
the I(s) signal in a visualized way using the conventional 1D or 2D histograms. The other one is our 
automatic data sorting algorithm, which includes an X-Filter, Y-Filter, Peak-Filter and conductance 
mapping functions, as explained in the text. 
 
Generally, two main analysis pathways can be applied to these exported data 
(figure 45). In the conventional method, the collected I(s) data is plotted in a visualized 
way as 1D or 2D conductance (junction separation distance) histograms, with plateau 
featuring curves being selected for the data visualization. However, this approach relies 
on the signal shape and therefore can impose an assumptive outcome on the final 
histograms. To avoid this issue, consistent criteria for plateau selection should be 
applied for every data set, ideally with data analysis or selection which does not make 
any overly restrictive a priori assumptions about the data shape. In our data sorting 
routine, the I(s) data is sent through a series of filters to remove any noisy signals caused 
by, for instance, contamination of the electrodes, passivation of the STM tip, 
fluctuations of the molecular junctions and so on. The follow filters are applied in a 
stepwise manner: X Filter, Y-Filter, Peak-Filter. Finally, the conductance mapping 
distributes the majority of the plateau featured traces and the sub-populations in one 
histogram. 
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6.3.2 X-Filter 
 
Figure 46. (a) Structure of the I(s) data and schematic diagram of X-Filter (b), Y-Filter (c) and Peak-
Filter (d) functions. 
 
Each I(s) file consists of distance and current signals in m rows as shown in figure 
46(a), each row of the data is a single point in the plotted I(s) curve. For example, the 
first point p1 (d1, c1), the second point p2 (d2, c2), the third one p3 (d3, c3) and so on, 
aggregate to a total number of N rows resulting in a data matrix. This matrix is the 
fundamental platform for further processing. Ideally in the absence of molecular 
junction formation the current will decay exponentially as a function of the increasing 
distance between the gold tip and substrate, and a well decaying current should 
approach 0 nA as the distance moves towards the limit of the tip retraction. Also in the 
presence of molecular junction formation the current should also decay to zero as the 
molecular bridge is broken and the tip is moved to the limit of its retraction. However, 
in the real experiment, a certain fraction of retraction traces may show an abnormal 
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decay of current. In these cases, the current does not proceed effectively towards zero 
or there are noise features or peaks which appear in the low current range. Our X-Filter 
algorithm aims at removing these noisy curves caused by the abnormal decay of the 
current. Here, we consider the distance signal as the X-axis, and the current signal as 
the Y-axis. For values above 2 nm (dn > 2) in the X-axis, the corresponding values in Y-
axis have been used for calculating the mean value (μ) and variance (σ2) (figure 46(b)). 
The equations for mean value (1) and variance (2) are simple but quite effective. 
                      µ = (c1 + c2 + c3… + cN) / N                (1) 
                 σ2 = (c1 - µ)2 + (c2 - µ)2 + … + (cN - µ)2/ N          (2) 
The mean value is used to check whether the current decays to 0 nA, while the 
variance is used to express the quality of the data being different, divergent or 
inconsistent. Using a given threshold of mean value and variance, for example, μc < 0.1, 
σ2c < 0.1, only decay curves close to normal would follow this criterion. The chosen 
mean value and variance as a setting criterion relies on the trial and error scheme (see 
Chapter 2). The trial and error values can be adjusted many times, with the result being 
checked in the exported figures. Here, we use 0.1 as the criterion to make sure the 
current signals decay to close to 0. As a result, abnormally decaying I(s) curves are 
removed by the X-Filter.  
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6.3.3 Y-Filter 
The Y-Filter is also based on the mean value and variance scheme, but here there 
is a focus on the very beginning of the current decay. When the gold STM tip reaches 
the preset tunneling region, which is 10 nA in our Au-1,8-octanedithiol-Au system, the 
current should drop sharply with the retraction of the tip during the very initial stages 
of junction opening. Some I(s) traces exhibit an oscillating or excessively noisy signal 
at the beginning of the current decay which may arise from poorly contacted molecules, 
contaminated tips or multiple interacting molecules in the junction. It is beneficial to 
eliminate such curves from the final conductance histograms. By locating the data 
points at the high range of the current, the mean value of the corresponding distance 
and the variance of these current values have been calculated. For curves which decay 
well in the initial stages of the retraction corresponding to the current above 6 nA (y > 
6), the variance of the current should be small (i.e., close to the y axis). There should 
be a rapid decay of this current and the mean value of the corresponding distance should 
be close to zero (μd ∼ 0). However, in the case of figure 46(c), the noisy signal would 
both bring a higher value of the mean of distance (μd) and the current variance (σ2c). As 
a consequence, the mean value of the distance and the variance of the current have been 
used to define the decay quality in the high current range. To find the optimum mean 
and variance values for data filtration, the values obtained from well decaying curves 
can be used as a reference. 
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6.3.4 Peak-Filter 
Subsequently, we investigated the noisy peaks present in the plateau region. For 
I(s) traces with otherwise reasonable current decay forms, the linear plateau can show 
oscillating signals (small peaks) as shown in figure 46(d). These traces may also be 
deemed as undesired curves, and if there are sufficient of them they could lead to 
broadening or shoulder peaks in the conductance histograms. By comparing the 
mathematical difference of the current values, the location, width and height of the 
peaks can be obtained. A local peak is a data sample that is larger than its two 
neighboring samples with the peak height taken as the difference between the peak data 
and its neighboring samples. If we defined seven current points (1, 2, 1, 3, 1, 5, 1) as a 
simple illustrative example, then three local peaks (2, 3, 5) with peak height (1, 2, 4) 
are calculated above the plateau current of 1. Following this regime, the number of the 
local peaks and the peak height can be then used to classify the data. Although, the I(s) 
data can present diverse shapes, such as the slanted plateau and nonlinear with high or 
low amplitude, the Peak-Filter focuses on the removal of telegraphic noise on the 
plateau, the other plateau traces being then sent to the conductance mapping process. 
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6.3.5 Conductance mapping  
 
Figure 47. (a) The counts scheme for obtaining the plateau mean value and plateau location. (b) 
Conductance mapping histogram, including the decay region, short plateau region and ideal plateau 
region. In the ideal plateau region, a dominant plateau group indicates the most probable conductance 
value of the molecular junction. 
 
Finally, we use a conductance mapping process to obtain the most dominant 
conductance value for a given molecular target. For a single I(s) trace constructed from 
512 data points, the Y-axis (current axis) was simply divided into many steps (bins). In 
each bin, the counts of the data points are different and the plateau region will always 
have a larger bin count than those adjacent bins. We have also noticed that, since the 
current decays to zero, the first bin will give very large counts, and therefore we 
excluded this bin to eliminate the effect of the high count value for the first bin. As 
shown in figure 47(a), the current value was divided into 15 bins (BW = 0.7 nA), the 
plateau was included in the second bin with a bin counts of 50, and the other bins 
possess a smaller bin counts of 10. Instead of simply using the bin counts as a criterion 
to separate the pure decay curve and plateau featured curves which is described by 
Inkpen et al. [38] here we introduce a new approach for analysing each population of 
the data set. We select the maximum bin counts to calculate the current mean value of 
these data points. For example, the maximum counts in figure 47(a) is 50, and 
consequently we calculate the mean value of these 50 data points to get a plateau mean 
value of 1.1 nA. Besides the plateau counts, a conductance mapping has been plotted 
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as shown in figure 47(b). In this map, the I(s) curves have been transformed as blue 
points according to their plateau mean values (X-axis) and plateau counts (Y-axis). The 
conductance map was then grouped in three main parts based on the plateau counts. For 
a region with plateau counts lower than 15 (black rectangular region) in figure 47(b), 
we deemed it as the decay region, including the pure decay featuring I(s) curves. The 
point counts for a pure decay curve is low and hence this region lies at the bottom of 
the plot. Similarly, we treat the plateau counts above 15 but lower than 30 as the short 
plateau region (green rectangular region) and the plateau counts above 30 as the ideal 
plateau region (blue rectangular region). In the ideal plateau region, we find that the 
distribution of blue points has a dominant region (red oval region) and a less dominant 
region (purple oval region). Even though the plateau position for these featured curves 
is different, we do observe a dominant region of the plateau mean value to indicate the 
most probable conductance value for the molecular junction. Notably, for a particular 
molecular junction, we can also observe multiple plateaus in the I(s) curves and low or 
high conductance peaks in the 1D histogram [52, 140]. This is ascribed either to the 
formation of multi-molecule junctions or to different molecular junction configurations 
[12, 28]. It is thus possible to analyze if the molecular junction is a dominant 
conformation scheme (one dominant region) or if it has a multiple peak scheme. It is 
noteworthy that the parameters and settings included in the conductance mapping do 
not rely on the subjective choices of the operator, but are based on a trial and error 
scheme. An appropriate setting is achieved after obtaining clear 1D and 2D histograms. 
Notably, the software can list and try many possible BW and bin count combinations in 
a very short time. 
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6.4 Experimental results 
 
Figure 48. (a) Conductance mapping for Au-1,8-octanedithiol-Au molecular junctions grouped in three 
main regions based on the plateau counts. (b) Conductance mapping grouped in five refined regions to 
get insights in the most dominant conductance peak. 
 
We first apply the noise removal and conductance mapping algorithm to the 
experimental data for Au-1,8-octanedithiol-Au molecular junctions. Over 11 000 I(s) 
traces were collected at a bias voltage of 0.3 V, a current set-point of 10 nA and a tip 
displacement of 4 nm from the initial separation at the set-point current. The raw data 
were directly exported as ASCII text files without any treatment and then analyzed by 
the algorithm. 
In figure 48(a), the conductance map was firstly grouped to three main regions 
based on the plateau counts. As discussed above, region 1 (green) was deemed to 
correspond to the decay region without any plateau featured curves included, region 2 
(red) reflected the I(s) curves with short plateau or small noisy peaks, and the region 3 
(blue) related to the plateau region with linear plateau curves of sufficient extension. To 
gain insights in these plateau featuring curves, the plateau region was then sorted in the 
horizontal direction based on the plateau mean value (position of the plateau), and five 
refined regions were then classified, as shown in figure 48(b). One can clearly observe 
that region 5 (red) in figure 48(b) presents a dominant number of data points, indicating 
the highest probability of the plateau position. The I(s) curves in region 5 were then 
plotted as 1D and 2D histograms. 
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Figure 49. (a) 1D histogram of single-molecule conductance of gold–1,8-octanedithiol–gold junctions, 
a dominant peak was located at 3.67 nS. (b) The corresponding 2D log histogram with a sensitivity 
indicator of the conductance counts. 1D (c) and 2D (d) log histogram of all the raw I(s) data without the 
treatment of the algorithm. 
 
In the 1D conductance histogram, a dominant peak located at 3.67 nS (4.75 × 10−5 
Go) is observed. The corresponding yellow area around this conductance value in the 
2D log histogram indicates the distribution of the plateau featuring traces (figures 49(a), 
(b)). This conductance value agrees well with previously reported values for Au-1,8- 
octanedithiol-Au molecular junctions which shows that our automatic data analysis 
approach is reliable for this test [30,36,44]. For comparison, 1D and 2D histograms are 
also plotted in figures 49(c) and (d) for the raw data without the use of the algorithm. 
Since these unfiltered histograms include a lot of traces where either no or poorly 
contacted molecular junctions form, the conductance peak was then hidden by the large 
proportion of deleterious background curves. There was a quandary at the early stages 
of the single molecule conductance technique development that different values of 
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conductance were measured using different methods [121,141,142]. For the BJ method, 
both high and low current steps were found, with a primary conductance value of 20 nS 
being obtained from the BJ technique for gold–1,8-octanedithiol–gold junctions [11]. 
On the other hand, Haiss measured a primary conductance value of 1 nS using the I(s) 
method [53]. Nichols et al. suggested this observation could be related to the 
coordination differences of the sulfur anchoring group to the gold electrodes [28]. Three 
difference conductance values were attributed to different contact configurations of the 
thiolate binding to gold surface atoms. Our experimental data found using the I(s) 
method and conductance mapping process verifies such a conductance diversity and the 
existence of differing conductance groups. In the conductance mapping, a dominant red 
region was observed, indicating the most abundant class of plateau featured traces, the 
other regions being sub-populations caused by other configurations. 
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Figure 50. (a) Conductance mapping for Au-1,6-hexanedithiol-Au molecular junctions with color coded 
grouping into three main regions based on the plateau counts. (b) Conductance mapping of the ideal 
plateau region, five refined regions were grouped to examine the most dominant conductance peak and 
sub-groups. 
 
Our algorithm has also been applied to 1,6-hexanedithiol, following a similar 
procedure to that just described for 1,8-octanedithiol. The resulting conductance map 
in figure 50(a), was grouped in three main regions, including the decay region (green), 
short plateau region (red) and the ideal plateau region (blue). The data points at ideal 
plateau region were then plotted as a refined conductance map with five color coded 
regions marked. In this map, the light blue region dominates, indicating the most 
probable conductance value of the Au-1,6-hexanedithiol-Au molecular junction. It is 
also worth noting here a less dominant red region also appears on this map, representing 
the possibility of forming a molecular junction with a smaller conductance value. We 
treat the dominant region (light blue region) as the main conductance value of 1,6-
hexanedithiol molecular junctions and the related data was then plotted as 1D and 2D 
log histograms. 
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Figure 51. (a) 1D histogram of single-molecule conductance of gold–1,6-hexanedithiol–gold junctions, 
a dominant peak was located at 29 nS. (b) The corresponding 2D log histogram with a sensitivity 
indicator of the conductance counts, a higher density yellow region was located at 3.75 × 10−4 Go. 1D (c) 
and 2D (d) log histogram of all the raw I(s) data without the treatment of the algorithm. 
 
Figure 51(a) shows the 1D conductance histogram of selected plateau traces; a 
dominant peak located at 29 nS (3.75 × 10−4 Go) is observed, the corresponding yellow 
area in 2D log histogram indicates the distribution of the plateau featuring traces. The 
1D and 2D histograms of all curves without any algorithmic analysis have also been 
plotted (figures 51(c), (d)). In comparison with the previously reported value (28 nS), 
our data agrees very well with the literature data [36,44]. We also noticed that the less 
dominant region (red in figure 51(b)) around 4.3 nA showed a respectable number of 
plateau featured curves, and hence our algorithm can be used to visually assess the 
number and distribution of each population. The most dominant region (light blue in 
figure 51(b)) in conductance mapping was considered then to correspond to the most 
probable configuration of Au-1,6-hexanedithiol-Au molecular junctions with a 
conductance value of 29 nS. 
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Figure 52. (a) 1D histogram of Au-1,6-hexanedithiol-Au molecular junctions constructed using the given 
filters. These are an X-Filter at the distance of 2.8 (d = 2.8), the variance of the Y-Filter was set to 30 (σ2 
= 30), the number of peaks for the Peak-Filter was set to 3 (n = 3). (b) 1D histogram plotted using the 
parameters of X-Filter: d = 2.0, Y-Filter: σ2 = 30, Peak-Filter: n = 3. (c) 1D histogram after the application 
of filter using the following parameters: X-Filter: d = 2.8, Y-Filter: σ2 = 8, Peak-Filter: n = 3. (d) 1D 
histogram using an X-filter of d = 2.8, Y-Filter of σ2 = 30, Peak-Filter of n = 6. 
 
Selection of appropriate parameter filters is important for an effective 
implementation of the algorithm. Here, we take the data from 1,6-hexanedithiol 
molecular junctions as the example to demonstrate the capabilities of each filter. Please 
note that the parameters chosen do not simply rely on the subjective choices of the 
operator, but are based on the trial and error scheme (see detailed explanation in section 
2.5.2). Values can be adjusted many times until the clear Gaussian peaks are observed 
in the exported histograms. 
In figure 52, we performed some tests to demonstrate the effect of different 
algorithm parameters. The 1D histogram in figure 52(a) was deemed to represent the 
preferred implementation as it gives a well-defined conductance peak, indicating the 
most probable conductance value of the molecular junction. This histogram was plotted 
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setting the distance range of 0–2.8 nm for the X-Filter, a variance of 30 for Y-Filter, and 
a value of 3 for the Peak-Filter. As discussed earlier, the X-Filter algorithm is aimed at 
removing noisy curves caused by the abnormal decay of the current, by selecting a 
threshold of the mean value and variance for the selected distance range, for example, 
d = 0–2.8 nm, μ < 0.1, σ2 < 0.1. In figure 52(b), the distance range of the X-Filter was 
decreased to 0–2 nm, which means more curves could comply with this criterion and 
consequently contribute noise from the initial decay region. Compared with figure 52(a), 
only the variance value for the Y-Filter was changed to 8 in figure 52(c), indicating a 
more stringent criterion. Since the Y-Filter focuses on undesired oscillating or noisy 
signals at the very beginning of the current decay, the lower variance value cleans up 
the histogram. Figure 52(d) demonstrates the efficiency of the Peak Filter, by changing 
the tolerance of peak numbers from 3 to 6, more plateau featuring curves with 
oscillating signals (small peaks) on the plateau could fit the criterion, the resulting 
shoulder peaks were then observed. These results demonstrate that some adjustments 
of the algorithm parameters are necessary for each molecular junction, but even with 
these adjustments the main peak conductance remains broadly unchanged. 
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6.5 Conclusion 
We present here a simple, fast and user-friendly algorithm for the analysis of single 
molecule conductance data obtained by the I(s) STM method. This could readily be 
extended to other methods such as the STM–BJ technique or mechanically controlled 
BJs. In the supporting information, we provide fully documented MATLAB routines to 
promote usage of this analysis package by the molecular electronics community. The 
automatic data analysis process focuses on the removal of traces where proper molecule 
junction formation does not occur, such as excessively noisy traces as the molecular 
bridge is formed or traces that do not properly decay to zero current when the molecular 
junction is cleaved. Through the application of noise removal algorithms, the 
difficulties caused by instability, fluctuations and noise in single molecule junction 
formation have been reduced, and data pertaining to effective junction formation can 
be separated from interfering signals. The remaining traces are then displayed using a 
conductance mapping process which makes it possible to analyze the statistical 
diversity in the data set and recognize groups and sub-groups in the data. This captures 
the statistical complexity of the molecular system in a straightforward way enabling 
analysis of the effects of molecular structure, contacts, environment and other physical 
parameters. The algorithms we present here are also amenable to the analysis of very 
large data sets. The algorithm is a simple and direct method in which the raw I(s) text 
files are simply copied into the same folder as the program file, the parameters are set 
and code is simply launched to run the analysis. For experimental groups having a 
different text structure to ours, only one extra step is needed to convert the text data 
files. We have applied the algorithm to our experimental data for Au-1,8-octanedithiol-
Au and Au-1,6-hexanedithiol-Au molecular junctions. Following the proscribed 
analysis, a clear conductance peak is seen in the histograms and the conductance values 
are in good agreement with previous studies. Future development could include coding 
which eliminates the need to manually set parameters with the algorithm finding 
suitable parameters itself, for example by exploiting machine learning algorithms. 
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7 Summary 
In this thesis, we have systematically studied the single-molecule conductance of 
1,n-alkanedithiols (n = 4, 6, 8, 10, and 12) bridged between the graphene bottom and 
gold top electrodes by using an STM based technique. The conductance decays 
exponentially with the number of methylene groups with a decay constant of 0.40, much 
lower than the value obtained with a second metallic contact. The low decay is related 
to the junction electronic structure, the nonsymmetric contact, and the weak coupling 
at the molecule−graphene interface, leading to a stronger charge transfer at the gold 
electrode−molecule interface. We also investigated the effects of anchoring groups in 
graphene based junction by constructing the same hybrid gold-alkanediamine-graphene 
molecular junctions as the dithiol case. A similar attenuation factor (0.37) to the case of 
alkanedithiol junctions was obtained due to the asymmetric coupling of the 
diaminealkane molecular chain between gold and graphene. This weak coupling is 
responsible for the HOMO level shift toward the Fermi energy which consequently 
reduces the tunnelling barrier at the interface. A slightly higher conductance of the 
diamine hybrid junction with respect to the dithiol hybrid junction is also found. 
The technical effects of molecule-electrode contacts were also investigated by 
comparing the methods used for capturing and measuring the electrical properties of 
single molecules in gold−graphene contact gaps. The typical gold−octanedithiol−gold 
molecular junctions fabricated by STM BJ, STM-based I(s), and CP-AFM BJ 
techniques were first examined to verify the stability of the experimental setup and the 
same setup was then used to investigate the contact difference by changing the bottom 
gold substrate to graphene. Both the STM-based I(s) and CP-AFM BJ techniques 
showed a similar low conductance decay (0.40 and 0.56) when compared to the gold-
gold symmetric junctions (1.1). This behaviour leads us to suggest that the change of 
decay values is mainly related to the electrodes themselves and not greatly influenced 
by the measurement method. A slightly lower conductance value measured by the CP-
AFM BJ with respect to the STM based I(s) technique is also observed, which may be 
because of differences in the junction formation method and in the resulting distribution 
                                                                           SUMMARY 
Pg. | 116  
 
 
of molecule−electrode contacts. We also found the STM BJ technique does not lead to 
the formation of stable molecular junctions with graphene bottom contacts which is 
probably due to the high transient instability in the gold tip contact after it has been 
pushed onto the graphene surface and then withdrawn. 
We also present a simple, fast and user friendly algorithm for the analysis of single 
molecule conductance data obtained by the I(s) STM method. The automatic data 
analysis process firstly focuses on the removal of traces where proper molecule junction 
formation does not occur. Traces caused by instability, fluctuations and noise in single 
molecule junction formation have been reduced though noise removal algorithm. The 
remaining traces are then displayed using a conductance mapping process which makes 
it possible to analyze the statistical diversity in the data set and recognize groups and 
sub-groups in the data. This captures the statistical complexity of the molecular system 
in a straightforward way enabling analysis of the effects of molecular structure, contacts, 
environment and other physical parameters. The algorithms we present are also 
amenable to the analysis of very large data sets. We have applied the algorithm to our 
experimental data for Au-1,8-octanedithiol Au and Au-1,6-hexanedithiol-Au molecular 
junctions. Following the proscribed analysis, a clear conductance peak is seen in the 
histograms and the conductance values are in good agreement with previous studies.  
The experimental results presented in this thesis are supported by theoretical 
computation and symmetry considerations for the molecular junctions. This work 
highlights the attractive features of graphene contacts in molecular electronics, which 
might inspire their future deployment in new device prototypes. The further work could 
extend the graphene material to other 2D materials to take the advantage of their 
chemical and physical properties, for example, the h-BN and MoS2. The indirect 
bandgap of the bulk MoS2 also makes it valuable to build semiconductor based 
junctions and flexible semiconductors. Future development for the data analysis could 
include coding which eliminates the need to manually set parameters with the algorithm 
finding suitable parameters itself, for example by exploiting machine leaning 
algorithms.
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9 Appendix 
 
Figure A1. (a)-(d) 2D histograms of single molecule conductance of gold-N-alkanedithiolgraphene 
hybrid junctions which N=6, 8, 10, 12 respectively and the corresponding 1D conductance histograms 
with the Gaussian fit in inset. 
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Figure A2. (a)-(d) 2D histograms of single molecule conductance of gold-N-alkanediamine-graphene 
hybrid junctions which N=4, 6, 8, 10 respectively and the corresponding 1D conductance histograms 
with the Gaussian fit in inset. 
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Figure A3. Isoelectronic density of states at the Fermi energy for (left) the alkanedithiol and (right) the 
alkanediamine gold-graphene junction. 
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MATLAB analysis code 
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I(s) curve plot code 
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